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Abstract
Conditions	in	which	exhaled	and	dermally	emitted	bioeffluents	could	be	sampled	sep-
arately	or	 together	 (whole-	body	emission)	were	 created.	Five	 lightly	dressed	males	
exhaled	the	air	through	a	mask	to	another,	identical	chamber	or	without	a	mask	to	the	
chamber	in	which	they	were	sitting;	the	outdoor	air	supply	rate	was	the	same	in	both	
chambers.	 The	 carbon	 dioxide	 concentration	 in	 the	 chamber	with	 exhaled	 air	 was	
2000	ppm.	Chamber	temperatures	were	23°C	or	28°C,	and	ozone	was	present	or	ab-
sent	in	the	supply	airflow.	When	dermally	emitted	bioeffluents	were	present,	the	per-
ceived	air	quality	(PAQ)	was	less	acceptable,	and	the	odor	intensity	was	higher	than	
when	only	exhaled	bioeffluents	were	present.	The	presence	or	absence	of	exhaled	
bioeffluents	in	the	unoccupied	chamber	made	no	significant	difference	to	sensory	as-
sessments.	At	28°C	and	with	ozone	present,	the	odor	intensity	increased	and	the	PAQ	
was	 less	acceptable	 in	 the	chambers	with	whole-	body	bioeffluents.	The	concentra-
tions	of	nonanal,	 decanal,	 geranylacetone,	 and	6-	MHO	were	higher	when	dermally	
emitted	bioeffluents	were	present;	they	increased	further	when	ozone	was	present.	
The	concentration	of	squalene	then	decreased	and	increased	again	at	28°C.	Dermally	
emitted	bioeffluents	seem	to	play	a	major	role	in	the	sensory	nuisance	experienced	
when	occupied	volumes	are	inadequately	ventilated.
K E Y W O R D S
chemical	analyses,	dermally	emitted	bioeffluents,	exhaled	bioeffluents,	human	bioeffluents,	
indoor	air	quality	(IAQ),	sensory	assessments
1  | INTRODUCTION
1.1 | Background
Body	odor	originates	from	sweat	and	sebaceous	secretions	from	skin,	
and	from	foul	breath.	The	latter	 includes	the	pollutants	emitted	when	
breathing,	including	gases	from	the	digestive	tract.	Body	odor	includes	
intestinal	gases	(flatulence).	Although	considered	generally	as	nontoxic,	
body	odor	may	evoke	a	feeling	of	nausea	and	even	reduced	appetite	in	
some	people.1	Recently	published	work	shows	that	exposure	to	emis-
sions	from	humans	(human	bioeffluents)	can	increase	sleepiness,	fatigue,	
headaches,	and	difficulty	in	concentrating2–4	and	reduce	cognitive	per-
formance,	 including	 the	ability	 to	 take	decisions.5	There	 is	 substantial	
evidence	on	how	body	odor	is	perceived	by	humans.6–9	This	published	
research	provided	the	basis	for	contemporary	ventilation	standards.10,11
The	 connection	 between	 body	 odor	 and	 ventilation	 goes	 back	
to	 the	19th	century	when	Pettenkofer12	 associated	discomfort	with	
emissions	from	humans,	rejecting	the	earlier	theories	that	associated	
discomfort	with	the	presence	of	carbon	dioxide	 (CO2)	or	 lack	of	ox-
ygen	 (O2).	 Pettenkofer	 proposed	 the	 use	 of	 CO2,	 the	 main	 human	
inorganic	 bioeffluent,	 as	 a	 marker	 of	 the	 quality	 of	 air	 polluted	 by	
human	bioeffluents	and	as	an	indicator	of	ventilation	efficiency	in	the	
presence	of	humans.	He	postulated	that	the	sources	producing	other	
indoor	pollutants	not	emitted	by	humans	should	be	 first	eliminated.	
He	 then	proposed	 that	 a	CO2	 concentration	of	1000	ppm	could	be	
considered	the	hygienic	limit,	above	which	indoor	air	quality	is	unac-
ceptable.	He	assumed	500	ppm	as	the	concentration	of	outdoor	CO2,	
which	 is	much	higher	 than	 the	current	ambient	 level,	 slightly	above	
400	ppm.	CO2	has	subsequently	been	used	universally	as	a	proxy	for	
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indoor	air	quality.	Pure	CO2	at	the	 levels	normally	occurring	 indoors	
was	not	considered	by	Pettenkofer	to	constitute	a	risk	for	occupants.	
Recent	studies	by	Zhang	et	al3,4	and	Liu	et	al13	 show	that	pure	CO2 
below	5000	ppm	does	not	produce	sensory	discomfort,	increase	self-	
reported	acute	health	symptoms,	or	reduce	the	performance	of	simple	
cognitive	tasks,	thus	confirming	Pettenkofer’s	assumption.	Two	other	
recent	experiments	suggest	however	that	pure	CO2	at	concentrations	
as	low	as	1000	to	2500	ppm	can	reduce	the	ability	to	take	decisions	
in	a	stressful	situation.14,15	One	experiment	reported	that	a	pure	CO2 
concentration	of	4000	ppm	reduced	perceived	air	quality	 (PAQ)	and	
increased	 acute	 health	 symptoms,	 and	 that	 the	 performance	 of	 a	
proofreading	task	which	can	be	considered	a	typical	office	task	was	
reduced	in	one	of	the	two	series	of	experiments	that	were	reported.16 
The	validity	 and	proposed	mechanisms	of	 these	 conflicting	 findings	
are	still	to	be	confirmed.
Humans	emit	many	different	volatile	organic	compounds	(VOCs).	
Recently,	 Liu	 et	al17	 reported	 that	 the	 compounds	 associated	 with	
the	presence	of	humans	contribute	up	to	40%	of	the	measured	day-
time	VOC	 concentration	 in	 indoor	 spaces.	 In	 another	 recent	 study,	
Tang	et	al18	 reported	 that	human-	emitted	VOCs	were	 the	dominant	
source	during	occupied	periods	 in	a	well-	ventilated	classroom	(57%)	
together	with	ventilation	supply	air,	which	was	the	second	most	 im-
portant	source	of	pollution	(35%).	The	types	of	pollutants	emitted	de-
pend	on	the	nutrition	and	hygiene	standards	of	the	occupants,	their	
health	condition,	and	even	 their	addictions,	 such	as	alcohol	or	ciga-
rette	smoking.19	Furthermore,	even	changes	in	metabolism	affect	VOC	
breath	e.g.,20	 and	sweat	composition	e.g.,21	Some	studies	measured	
whole-	body	bioeffluents,e.g.,22–25	others	analyzed	bioeffluents	emit-
ted	when	breathing	(exhaled	bioeffluents)	and	through	skin	(dermally	
emitted	bioeffluents)	or	bioeffluents	from	a	particular	part	of	the	body,	
for	example	the	oral	cavity,e.g.,26–30	skin	excluding	the	head,e.g.,31–35 
axillae,e.g.,36–45	scalp,e.g.,46–48	hand,e.g.,34,46,48–58	feet,	e.g.,48,59,60 and 
intestines.e.g.,61,62
There	is	consequently	a	fairly	large	body	of	literature	showing	what	
types	of	pollutants	are	emitted	by	different	body	parts	and	what	fac-
tors	influence	the	emission	rates.	This	information	is	described	briefly	
in	the	following	and	summarized	 in	Table	1.	Among	the	research	re-
ported	there	are	however	no	studies	that	examined	the	effects	of	bio-
effluents	emitted	by	different	body	parts	on	the	quality	of	air	as	it	is	
perceived	by	humans.	In	particular,	there	are	no	studies	that	examined	
whether	exhaled	and	dermally	emitted	bioeffluents	produce	different	
sensory	perceptions	or	whether	they	contribute	equally	to	the	sensory	
nuisance	associated	with	the	body	odor.	The	present	work	was	conse-
quently	undertaken	to	fill	this	gap	in	knowledge.	It	was	additionally	ex-
amined	whether	the	presence	or	absence	of	any	specific	compounds	
emitted	by	humans	could	contribute	to	the	above	differences.
1.2 | Summary of previous measurements of human 
bioeffluents
Krotoszynski	and	Dravnieks22	 sampled	vapors	 from	the	whole	body	
by	placing	 subjects	on	a	Teflon-	lined	 stretcher	 in	 a	glass	 tube.	Five	
compounds	were	found	to	be	common	to	white,	Afro-	American	and	
Indian	 males	 and	 to	 white	 females.	 These	 were	 acetone,	 butanol,	
ethanol,	 lactic	 acid,	 and	pyruvic	 acid.	 Ellin23	 sampled	 compounds	 in	
the	headspace	surrounding	a	person.	Forty-	six	seminude	males	were	
placed,	 one	 at	 a	 time,	 in	 a	 sealed	 chamber	made	 of	 glass,	 stainless	
steel,	 and	 teflon.	 Around	 330	 compounds	 were	 detected	 and	 135	
compounds	 were	 identified.	 The	 five	 compounds	 with	 the	 highest	
concentration,	which	were	emitted	by	all	subjects,	were	acetone,	bu-
tanol,	 ethanol,	 isoprene,	 and	 toluene.	Wang24	 investigated	bioefflu-
ents	in	an	auditorium.	Samples	were	taken	from	the	inlet	and	exhaust	
of	the	air	conditioning	system.	Sixteen	compounds	were	considered	
as	 bioeffluents,	 and	 acetone,	 acetic	 acid,	 butyric	 acid,	 ethanol,	 and	
methanol,	were	found	 in	high	concentrations.	The	main	compounds	
measured	 in	bedrooms	and	associated	with	 the	presence	of	human	
bioeffluents	are	according	 to	Hanihara	et	al25	C2-	10	 fatty	acid,	C6-	
10	aldehydes,	6-	methyl-	5-	hepten-	2-	one	(6-	MHO),	(E)-	6,10-	dimethyl-	
5,9-	undecadien-	2-	one	(geranylacetone),	and	2-	ethyl-	hexanol.
VOCs	in	human	breath	were	identified	by	Chen	et	al26	who	con-
cluded	that	the	intensity	of	the	odor	is	directly	related	to	the	amount	
of	dimethyl	sulfide	in	the	breath.	At	that	time	(1970),	oral	bioeffluents	
were	used	as	a	non-	invasive	 indicator	of	health.	 In	the	study	of	Sun	
et	al27	the	air	exhaled	by	111	subjects	was	sampled	using	a	specially	
developed	 experimental	 system,	 and	 645	VOCs	were	 detected;	 on	
average,	 over	 fifty	 different	 types	 of	VOCs	 from	each	 subject	were	
detected.	 In	 a	 summary	 of	 studies	 measuring	 human	 bioeffluents,	
Bluyssen28	 and	 Tonzetich29	 reported	 that	 hydrogen	 sulfide,	 methyl	
mercaptan,	and	dimethyl	sulfide	were	believed	to	be	the	main	sources	
of	poor	air	quality	caused	by	human	exhalation.	Fenske	and	Paulson30 
reported	that	the	major	VOCs	in	the	exhaled	breath	of	healthy	indi-
viduals	were	 isoprene,	 acetone,	 ethanol,	 methanol,	 and	 other	 alco-
hols;	minor	components	included	pentane	and	higher	aldehydes	and	
ketones.
Zhang	 et	al31	 measured	 emissions	 from	 30	 healthy	 subjects	
wearing	 gas	 masks	 in	 a	 sealed	 chamber	 with	 almost	 no	 ventila-
tion.	Organic	 pollutants	 emitted	 from	 the	 skin	were	 identified.	 In	
all,	 893	VOCs	were	 detected,	 an	 average	 of	 71	 VOCs	 (SD=21.2,	
range=19-	101)	 from	 each	 subject.	 Logan	 et	al32	 analyzed	 the	 or-
ganic	pollutants	emitted	by	human	volunteers,	who	were	placed	in	
Practical Implications
•	 The	present	results	suggest	that	ozone	should	be	avoided	
in	occupied	volumes	and	that	high	temperatures	may	cre-
ate	conditions	 that	 lead	 to	 increased	emission	of	bioef-
fluents	and	so	should	also	be	avoided.	The	latter	finding	
implies	that	the	ventilation	rate	required	to	control	emis-
sions	from	humans	should	depend	not	only	on	the	num-
ber	 of	 occupants	 but	 also	 on	 the	 air	 temperature.	 The	
present	results	form	a	basis	for	developing	new	technolo-
gies	and	solutions	for	the	source	control	of	human	bioef-
fluents,	 such	 as	 absorptive	 clothing	 or	 personalized	
ventilation.
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individual	 plastic	 bags	 lined	with	 aluminum	with	 only	 their	 heads	
outside	 the	 bag.	 They	 identified	 24	 VOCs	 that	 were	 additionally	
shown	to	attract	Aedes	mosquitoes.	The	dermally	emitted	biofflu-
ents	 that	were	 found	 to	play	 a	 key	 role	 in	 attracting	 insects	were	
6-	MHO,	 decanal,	 nonanal,	 octanal,	 and	 geranylacetone.	 Dormont	
et	al33	noted	that	only	a	few	families	of	compounds	are	represented	
among	dermal	emissions	and	that	these	include	the	compounds	such	
as	carboxylic	acids	of	various	chain	lengths	and	derivative	esters,	al-
dehydes,	alkanes,	short	chain	alcohols,	and	some	ketones.	Harraca	
et	al34	collected	dermally	emitted	bioeffluents	by	placing	volunteers	
in	customized	heat-	sealed	oven	bags;	their	heads	were	kept	outside	
the	bag	as	 in	 the	 studies	 reported	by	Logan	et	al32	Six	main	com-
pounds	were	observed,	including	6-	MHO,	decanal,	geranylacetone,	
heptanal,	nonanal,	and	octanal.	Gallagher	et	al35	 reported	that	 the	
dermally	emitted	amounts	of	some	compounds	can	vary	with	age.	
Three	 compounds	were	 found	 to	be	biomarkers	 of	 increased	 age:	
dimethylsulphone,	 benzothiazole,	 and	 nonanal.	 No	 significant	 dif-
ferences	related	to	age	or	locus	were	found	for	octanal	or	decanal.
The	axillary	 region	 is	 a	particularly	 important	 source	of	diverse	
VOCs.36	The	source	strength	in	this	region	is	a	result	of	interactions	
between	secretions	of	eccrine,	sebaceous,	and	apocrine	glands	and	
the	resident	bacteria.	Compounds	contributing	to	the	profile	of	the	
air	quality	of	air	from	the	axillary	region	include	androstenol,	which	
has	a	musky	smell,37	androstenone,	which	is	a	ketone	with	a	urine-	
like	 smell38	 and	 isovaleric	 acid.39	 In	 particular,	 lipophilic corynebac-
teria,	 which	 dominate	 the	 commensal	 bacterial	 community	 in	 the	
axillary	region	of	the	skin,	are	largely	responsible	for	the	production	
of	 malodorous	 volatile	 products.40–42	 There	 are	 also	 other	 often	
commensal	 bacteria	 (e.g.,	 Staphylococcus epidermidis)	 that	 are	 re-
sponsible	for	the	smell	from	axilla.43	In	some	studies,	volatile	profiles	
have	been	reported	to	be	dominated	by	two	key	odoriferous	com-
pounds,	3-	methyl-	2-	hexenoic	acid	and	3-	hydroxy-	3-	methylhexanoic	
acid.44,45
The	scalp	is	rich	in	lipids,	owing	to	the	high	density	of	sebaceous	
glands.46	The	source	strength	of	the	scalp	is	a	result	of	the	propioni-
bacterium acnes	in	the	hair	follicles.	The	major	scalp	population	is	the	
yeast	pityrosporum ovale,	which	metabolises	lipid	substances	to	fatty	
acids,	and	glycerol,	that	both	undergo	ring	closure	to	the	volatile	and	
odorous	ɤ-	lactones.47	Labows48	indicated	that	ɤ-	decalactone	could	be	
responsible	for	the	smell	of	unwashed	hair.
Odors	from	the	hands	have	been	largely	investigated	in	the	con-
text	of	forensic	science.48–50	Hundreds	of	VOCs	emanating	from	palms	
were	found,	for	example,	aromatics,	amides,	amines,	halides,	sulfides,	
and	sulfonyls.51,52	The	profiles	of	VOCs	emitted	by	the	hands	are	often	
dominated	by	aldehydes	and	ketones,	and	particularly	by	6-	MHO,	de-
canal,	 geranylacetone,	 nonanal,	 and	 undecanal.46,49	 The	 same	 com-
pounds	have	also	been	 regularly	 found	 to	be	 the	major	compounds	
emitted	from	the	forearm,	together	with	some	alkanes	and	carboxylic	
acids.34,53,54	Comparing	hand	odors	 from	10	subjects,	Curran	et	al55 
identified	 24	main	 compounds	 that	 can	 be	 considered	 to	 be	 a	 part	
of	 the	 “primary	 odor”	 profile	 of	 human	 scent.	 Six	 compounds	were	
found	to	be	highly	frequent	among	the	emissions	from	hands	and	they	
include	 2-	furancarboxaldehyde,	 2-	furanmethanol,	 decanal,	 dimethyl	C
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hexanedioate,	 nonanal,	 and	 phenol.	Among	 them,	 decanal,	 nonanal,	
and	some	carboxylic	acid-	methyl	esters	have	been	isolated	regularly	
from	hand	emissions	in	other	studies.49,51,56–58
Brevibacterium epidermidis	 (B. epidermidis)	 is	 resident	 on	 human	
skin,	 especially	 in	 areas	 such	 as	 toewebs.	 This	 organism	 produces	
methanethiol	gas,	which	accounts	for	a	large	part	of	the	characteristi-
cally	cheesy	smell	from	unwashed	feet.59	Other	gaseous	substances,	
for	example	hydrogen	sulfide63	and	 isovaleric	acid,48	also	contribute	
to	the	source	strength	of	the	feet.	Ara	et	al60	reported	several	short	
chain	fatty	acids	in	solvent	extracts	of	foot	sweat	and	considered	that	
isovaleric	acid	was	most	likely	responsible	for	strong	foot	odor.
Intestinal	gas	causing	flatulence	contains	a	wide	variety	of	gases,	
for	 example	 ammonia,	 hydrogen	 sulfide,	 volatile	 amino	 acids,	 and	
short	 chain	 fatty	 acids	 are	 also	emitted	 from	 the	 intestines	 in	 trace	
concentrations	of	<1%	of	all	intestinal	gases	but	can	easily	be	detected	
by	humans.61	Five	major	compounds	that	represent	99%	of	bowel	gas	
are N2,	O2,	CO2,	H2,	 and	CH4	 though	 these	do	not	necessarily	 lead	
to	odor	nuisance.	Garner	et	al64	found	101	VOCs	emitted	from	fecal	
gas	of	 healthy	 individuals	 out	of	which	44	VOCs	were	 common	 for	
all	 individuals.	Kirk62	 sampled	excreted	 intestinal	 gases	 (flatus)	 from	
45	normal	subjects;	it	was	excreted	at	an	average	rate	of	1.47	mL	per	
minute	after	an	ordinary	diet,	and	found	an	average	concentration	of	
hydrogen	sulfide	(H2S)	of	0.00028%.
In	 addition	 to	 the	 emissions	 that	 result	 from	 the	physiological	
processes	that	occur	 in	the	human	body,	recent	studies	show	that	
many	compounds	can	be	created	when	compounds	emitted	by	hu-
mans,	mainly	constituents	of	skin	oils,	participate	in	reactions	with	
ozone.	These	reactions	occur	in	the	presence	of	humans	and	also	in	
spaces	that	were	previously	occupied	by	humans,	due	to	shedding	
of	the	skin	and	the	soiling	of	surfaces	with	human	skin	flakes	con-
taining	skin	oils.	The	major	 reaction	that	occurs	 is	between	ozone	
and	squalene,	while	acetone,	geranylacetone,	6-	MHO,	decanal,	and	
nonanal	are	the	major	products.65–67	Squalene	and	geranylacetone	
are	the	major	primary	precursors	for	acetone	and	6-	MHO,	and	ac-
etone	 may	 also	 be	 formed	 by	 2-	methyl-	2-	docosene.	 Yang	 et	al67 
showed	that	the	possible	primary	precursors	of	four	major	products	
could	be	the	compounds	contained	in	the	skin	oil	deposited	in	cloth-
ing.	The	formation	of	nonanal	can	be	mainly	attributed	to	reactions	
between	ozone	and	unsaturated	fatty	acids	such	as	9-	octadecenoic	
acid	and	(Z)-	7-	hexadecenoic	acid	and	their	derivatives,	such	as	(Z)-	
13-	docosenamide.	6-	hexadecenoic	acid	(the	most	abundant	unsat-
urated	fatty	acid	of	skin-	oiled	clothing)	and	8-	octadecenoic	acid	are	
the	main	reagents	that	contribute	to	the	generation	of	decanal.	Wax	
esters	 and	 triglycerides	 have	 a	 structure	 that	 is	 similar	 to	 that	 of	
the	above-	mentioned	fatty	acids	and	can	also	contribute	to	the	for-
mation	of	nonanal	and	decanal.	Schwarz	et	al68	reported	that	form-
aldehyde	 can	 be	 detected	 in	 human	 breath	 and	 its	 emissions	 can	
be	 accelerated	during	 reactions	between	 squalene	 and	ozone.	 Liu	
et	al17	 showed	 that	 phenol	 is	 one	 of	 the	 human	 bioeffluents	 that	
can	be	found	in	exhaled	breath	and	is	a	product	of	surface	oxidation	
of	human	skin	lipids.	Liu	et	al17	concluded	that	VOCs	produced	from	
ozonolysis	of	human	skin	lipids	were	positively	correlated	with	the	
concentration	of	CO2	and	negatively	with	the	concentration	of	O3. 
These	results	show	that	ozonolysis	of	skin	lipids	takes	place	indoors	
in	 buildings	 and	 that	 humans	 are	 an	 important	 source	 of	 indoor	
VOCs	and	a	sink	for	indoor	O3.
Occupants	can	also	be	a	source	of	 the	constituents	of	bathing	
soaps,	shampoos,	lotions,	deodorants,	perfumes,	and	other	cosmetic	
products	 including	 paper	 towels	 as	 a	 result	 of	 their	 hygienic	 rou-
tines,	even	if	these	are	conducted	elsewhere.69	Consumer	products	
can	include	monoterpenes,	linalool,	and	cyclic	volatile	siloxanes,	the	
latter	of	which	are	added	to	antiperspirants	and	have	been	reported	
as	 dominating	VOC	 emissions	 from	humans	 in	 an	 occupied	 class-
room.18	These	compounds	can	vary	greatly	between	individuals	de-
pending	on	their	cosmetic	preferences	and	hygienic	standards	and	
are	associated	with	their	behavior	and	preferences	rather	than	with	
their	physiology.
1.3 | Objective
The	main	objective	of	this	research	was	to	compare	the	sensory	ef-
fects	produced	by	exhaled	bioeffluents	with	those	produced	by	der-
mally	emitted	bioeffluents	and	compare	them	with	the	sensory	effects	
produced	by	whole-	body	bioeffluents,	 that	 is,	 a	 combination	of	 the	
two.	A	chemical	analysis	of	bioeffluents	was	performed	 to	examine	
whether	any	observed	sensory	effects	can	be	attributed	to	the	pres-
ence	of	specific	pollutants.
2  | METHODS
2.1 | Facilities
The	 experiments	 were	 performed	 in	 the	 twin	 stainless	 steel	 cham-
bers	at	Technical	University	of	Denmark	that	were	described	in	detail	
by	Albrechtsen.70	Each	chamber	had	a	volume	of	22.5	m3	 (floor	area	
of	9	m2	×	2.5	m	height)	but	with	 recirculation	ducts	had	a	volume	of	
30	m3.	The	air	in	each	chamber	was	recirculated	during	experiments	to	
ensure	proper	mixing.	Additionally,	 a	 desktop	 fan	 and	 a	 standing	 fan	
were	in	operation.	Both	chambers	were	furnished	only	with	the	stain-
less	steel	chairs	and	tables	used	by	the	subjects.	The	outdoor	air	change	
rates	were	maintained	in	both	chambers	at	1.5	h−1.	The	pollution	from	
outdoor	air,	if	any,	is	expected	to	have	contributed	equally	to	the	pollu-
tion	level	in	both	chambers.	The	air	change	rate	was	measured	using	a	
constant	dosing	tracer	gas	(CO2)	technique	and	an	Innova	1302	gas	ana-
lyzer.	The	outdoor	air	supply	rate	was	selected	so	that	the	CO2 concen-
tration	with	five	persons	sitting	in	the	chamber	would	reach	2000	ppm.
The	 principal	 elements	 of	 the	 experimental	 set-	up	 in	 the	 twin	
chambers	are	presented	in	Figure	1.	They	are	described	in	detail	in	the	
text	that	follows.
2.2 | Subjects
Five	males	were	 recruited	 to	 sit	 in	one	 chamber	 as	 a	 source	of	 bio-
effluents.	They	were	all	Caucasian,	non-	smokers,	and	had	no	chronic	
diseases.	Twenty-	three	additional	subjects	were	recruited	to	perform	
sensory	evaluations.	Table	2	summarizes	information	about	the	source	
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subjects	and	the	subjects	who	performed	the	sensory	evaluations.	This	
information	was	provided	by	the	subjects	themselves.	No	one	was	ex-
amined	medically,	and	no	tests	were	performed	to	examine	the	ability	
of	the	subjects	to	perceive	odors.	Subjects	with	impaired	hearing	and	
those	indicating	that	they	considered	themselves	unable	to	discriminate	
odors	or	distinguish	different	intensities	of	odors	were	eliminated	dur-
ing	recruitment.	The	majority	of	subjects	were	students.	The	subjects	
were	compensated	financially	for	their	participation	in	the	experiments.
2.3 | Experimental conditions and procedures
Twelve	experimental	conditions	(of	which	nine	were	with	the	human	
bioeffluents)	 were	 created	 by	 combining	 the	 following	 conditions	
(Table	3):	 chamber	 with	 dermally	 emitted	 bioeffluents,	 chamber	
with	 exhaled	 bioeffluents,	 chamber	 with	 whole-	body	 (dermally	
emitted+exhaled)	 bioeffluents,	 the	 supply	 air	 with	 ozone	 naturally	
present	or	eliminated,	and	the	chamber	 temperature	set	at	23°C	or	
28°C.
Five	 lightly	dressed	male	 subjects	occupied	one	chamber	as	 the	
source	of	bioeffluents.	They	were	 instructed	not	 to	drink	alcohol	or	
eat	spicy	 food	or	garlic	on	both	the	day	prior	 to	and	the	day	of	 the	
experiment.	 They	 received	 fragrance-	free	 soap	 and	 shampoo	 to	 be	
used	 in	 the	evening	prior	 to	each	experiment	 instead	of	 their	usual	
hygienic	products.	They	were	additionally	instructed	not	to	use	strong	
deodorants,	perfumes,	or	antiperspirants.	The	subjects	wore	sleeve-
less	T-	shirts,	half	pants	or	trunks,	and	socks.	The	estimated	clothing	in-
sulation	was	0.20	clo.	The	T-	shirts	were	provided	by	the	experimental	
team;	they	were	bought	brand	new	and	washed	once	with	the	odor-	
free	 detergent.	 Each	 time,	 the	 new	T-	shirt	 was	worn.	 Other	 cloth-
ing	was	provided	by	 the	subjects	 themselves;	 this	clothing	was	also	
washed	prior	to	the	experiments	with	the	same	odor-	free	detergent	as	
used	to	wash	the	T-	shirts.	Consequently,	if	clothing	contributed	to	the	
pollution	load	in	the	chamber,	it	can	be	assumed	that	the	contribution	
was	approximately	the	same	in	each	condition.
To	 isolate	dermally	 emitted	and	exhaled	bioeffluents,	 these	bio-
effluent	 source	 subjects	 sat	 in	 one	 chamber	 and	 exhaled	 the	 air	 to	
the	 other	 chamber	 through	 breathing	 masks	 (Sperian	 ValuAir	 Plus	
6100V	 series	RP155).	The	masks	were	 attached	 to	Teleflex	medical	
tubes	made	of	clear	vinyl	with	a	diameter	of	22	mm	that	ran	through	a	
polyurethane	plate	separating	the	twin	chambers.	The	tube	length	was	
determined	by	the	sitting	position	of	subjects;	two	tubes	were	about	
2.0	m	in	length	and	three	tubes	were	about	2.5	m.	The	plate	replaced	
the	door	separating	the	chambers.	A	miniature	fan	was	mounted	on	
the	other	end	of	each	tube.	It	operated	at	a	relatively	low	speed	to	fa-
cilitate	the	movement	of	exhaled	air	through	the	tube	and	ensure	that	
all	of	it	entered	the	second	chamber	(Figure	1).	This	was	checked	and	
verified	by	tracer	gas	measurements.	The	subjects	were	instructed	to	
breathe	normally	through	their	masks	and	avoid	taking	deep	breaths	
or	exhaling	rapidly	so	that	all	the	air	that	was	exhaled	could	be	drawn	
through	into	the	second	chamber.	They	breathed	normally	without	the	
mask	in	the	whole-	body	bioeffluent	condition.	The	subjects	breathed	
in	 the	air	 in	 the	chamber	 that	 they	occupied,	 regardless	of	whether	
they	were	wearing	the	mask.
To	 remove	 ozone	 from	 the	 supply	 air,	 charcoal	 filters	 were	 in-
stalled.	 In	 the	 “ozone	present”	condition,	 these	charcoal	 filters	were	
removed,	 and	 the	ozone	concentration	 in	 the	 supply	duct	was	 then	
the	 result	of	 the	ozone	occurring	naturally	outdoors	 less	any	ozone	
scavenging	taking	place	in	the	duct	itself;	no	ozone	generators	were	
used	to	increase	the	ozone	concentration.
TABLE  2 Demographic	data	of	recruited	subjects
Characteristic 
description
Subjects sitting 
in the chamber
Subjects performing 
sensory evaluations
Total 5 23
Gender:	males,	females 5,	0 12,	11
Age	(mean±SD)	years	old 24.4±2.0 24.5±3.0
Height	(mean±SD)	cm 174.6±4.8 -	
Weight	(mean±SD)	kg 73.4±3.4 -	
Occupation:	students,	
faculty
5,	0 22,	1
Smokers 0 1
Subjects	reporting	they	
had	any	allergy	
including	hay	fever
0 1
Subjects	reporting	they	
had	asthma
0 0
Subjects	reporting	they	
had	any	chronic	
disease
0 1	(Narcolepsy)
Subjects	considering	
themselves	more	
sensitive	to	odorous/
pungent	substances
4 16
Subjects	reporting	they	
adapted	easily	to	most	
odorous/pungent	
substances
4 17
Subjects	reporting	they	
were	easily	alerted	by	
odorous/pungent	
substances
4 17
F IGURE  1 Principal	elements	of	the	
experimental	set-	up	in	the	twin	chambers.	
The	figure	shows	subjects	outside	the	
chambers	(performing	the	sensory	
assessments)	and	the	subjects	inside	the	
chambers	(a	source	of	bioeffluents)
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The	 two	 temperature	 conditions	were	maintained	by	 the	 cham-
ber	ventilation	system.	Relative	humidity	was	not	controlled	but	was	
measured.
To	reduce	the	time	taken	to	reach	steady-	state	conditions	in	the	
chambers	in	the	“ozone	absent”	conditions,	once	the	subjects	entered	
the	 chamber,	 the	 fans	 supplying	 outdoor	 air	 to	 the	 chambers	were	
turned	off.	They	were	then	kept	off	until	the	CO2	concentration	had	
reached	2000	ppm.	During	this	time,	the	recirculation	and	mixing	fans	
were	on.	Upon	reaching	2000	ppm,	the	supply	fans	were	turned	back	
on.	In	the	“ozone	present”	conditions,	the	fans	supplying	outdoor	air	
to	 the	 chambers	were	 operated	 continuously	 to	 ensure	 that	 ozone	
was	continuously	supplied	to	the	chambers.	Sensory	assessments	and	
chemical	measurements	began	a	few	minutes	after	a	planned	steady-	
state	concentration	of	CO2	in	the	chambers.
Experiments	were	 carried	 out	 on	 four	 days	 in	 June	 2016,	 each	
day	lasting	180-	205	min.	On	two	experimental	days,	conditions	with	
ozone	present	in	the	supply	ducts	were	examined.	The	chambers	were	
set	 to	23°C	on	both	days.	On	 these	days,	 the	 subjects	 entered	 the	
chamber	and	stayed	there	for	180	min.	The	following	conditions	were	
created	on	the	first	day:	chamber	without	bioeffluents	present	(empty	
chambers)	and	chamber	with	whole-	body	(dermally	emitted+exhaled)	
bioeffluents.	On	the	second	day,	 the	 following	conditions	were	cre-
ated:	 chamber	 with	 dermally	 emitted	 bioeffluents	 only	 and	 cham-
ber	with	 exhaled	 bioeffluents	 only.	On	 the	 two	 subsequent	 days,	 a	
charcoal	filter	was	installed	to	remove	ozone	from	the	supply	air.	The	
chambers	were	set	at	23°C	on	one	day	and	at	28°C	on	another	day.	
Each	day,	the	following	conditions	were	created:	chamber	without	bio-
effluents	present	(empty	chamber);	chamber	with	exhaled	bioeffluents	
only;	chamber	with	dermally	emitted	bioeffluents	only;	and	chamber	
with	whole-	body	(dermally	emitted+exhaled)	bioeffluents.	The	order	
of	the	conditions	was	randomized	to	make	it	possible	to	analyze	the	
results	for	a	potential	chamber	effect.	The	details	of	the	experimental	
procedures	are	given	in	Appendix	S1.
2.4 | Measurements
Air	temperature,	relative	humidity,	and	CO2	concentration	were	meas-
ured	at	 two	 locations	 inside	each	chamber.	These	parameters	were	
recorded	every	10	or	30	s	by	calibrated	sensors	and	were	logged.	One	
measurement	location	was	close	to	the	sampling	point	of	air	collected	
for	chemical	measurements	(but	not	too	close	to	avoid	any	possible	
interference),	and	the	other	was	placed	on	the	chamber	wall,	half-	way	
up	the	chamber	height.	CO2	concentrations	measured	at	the	two	lo-
cations	were	similar,	indicating	that	the	air	in	the	chambers	was	well	
mixed	 throughout	 the	 entire	 volume.	 Ozone	 was	 measured	 with	 a	
Model	205	Dual	Beam	Ozone	Monitor	(2B	Technologies)	in	the	duct	
containing	the	air	in	the	chamber.	Outdoor	ozone	concentration	was	
obtained	from	the	nearest	monitoring	station	that	was	located	about	
25	km	from	the	university	campus;	the	station	was	located	in	a	rural	
area.	The	accuracy	of	measuring	instrumentation,	as	provided	by	the	
producer,	is	shown	in	Appendix	S2.
The	air	was	sampled	simultaneously	 in	both	chambers,	and	both	
chambers	received	the	same	supply	air,	as	mentioned	earlier.T
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The	 air	 for	 the	 sensory	 assessments	 was	 delivered	 to	 a	 test	 rig	
through	mounting	 slots	 in	 the	 side	walls	of	 the	chambers,	 just	 above	
the	floor.	A	flexible	duct	(diameter	of	75	mm)	attached	to	an	axial	fan	
was	connected	to	the	slot.	The	rig	delivered	the	air	from	the	chamber	to	
the	assessing	subject	outside	the	chamber	at	a	height	of	about	1	m.	Two	
dampers	were	installed	in	this	duct.	One	was	used	to	set	the	airflow	in	
the	duct	to	about	0.9	L/s;	this	rate	is	necessary	to	ensure	that	the	sub-
jects	inhale	only	the	delivered	air	for	the	sensory	evaluations	as	has	been	
documented	in	earlier	studies71	and	used	as	a	standard	during	sensory	
measurements.	The	other	was	capable	of	closing	off	the	airflow;	it	was	
only	opened	when	the	actual	sensory	evaluations	were	taking	place.
Two	ducts	delivered	the	air	for	sensory	assessments.	One	of	them	
delivered	the	air	with	the	same	temperature	as	 in	the	chamber.	The	
other	was	equipped	with	an	exterior	heating	wire	and	delivered	the	
air	from	the	chamber	at	a	temperature	of	28°C;	the	heating	effect	was	
controlled	with	a	 transformer.	The	air	presented	 for	sensory	assess-
ments	was	heated	to	28°C	to	separate	the	effect	of	 increased	tem-
perature	in	the	chamber	on	emission	of	bioeffluents	from	any	effect	of	
increased	temperature	on	the	sensory	assessments;	a	similar	approach	
was	used	by	Fang	et	al.72,73
The	area	outside	 the	 chambers,	where	 the	 sensory	assessments	
took	place,	was	ventilated	and	the	temperature	and	relative	humidity	
of	the	air	were	measured,	but	they	were	not	controlled.	The	subjects	
assembled	 and	waited	 for	 their	 turn	 to	make	 these	 sensory	 assess-
ments	in	the	adjacent	hall.
Sensory	assessments	were	performed	in	a	random	order	balanced	
across	 all	 subjects.	Three	 scales	printed	on	paper	were	used	by	 the	
subjects	 for	 performing	 the	 assessments	 (Figure	2):	 an	 acceptability	
scale,	an	odor	intensity	scale,	and	a	visual	analog	scale	for	assessing	air	
freshness.	The	acceptability	scale	was	presented	first,	and	the	other	
two	scales	were	presented	on	a	separate	sheet	of	paper.	The	scale	for	
acceptability	was	preceded	by	the	following	sentence:	“Imagine	that	
during	your	daily	life	in	non-	industrial	buildings	you	were	exposed	to	
this	air.	How	do	you	assess	the	acceptability	of	the	air	quality	(note	the	
dichotomy	of	the	scale)?”
During	 the	 assessments,	 the	 subjects	 approached	 the	 tube	 de-
livering	 the	 air,	 opened	 the	damper,	 took	one	 sniff,	 and	made	 their	
assessment	immediately.	They	were	encouraged	to	take	another	sniff	
when	assessing	another	scale	should	they	consider	it	necessary.	If	they	
did	they	were	asked	to	take	at	 least	3	inhalations	of	ambient	air	be-
fore	 inhaling	 the	air	 from	 the	duct	 for	 the	 second	 time.	When	 they	
completed	their	assessments,	they	closed	the	damper	and	went	back	
to	the	waiting	area,	where	they	took	a	break	of	at	least	1	min	before	
making	the	next	assessment.
The	 subjects	 attended	 a	 practice	 session	 prior	 to	 the	 experi-
ments	 to	 receive	 their	 instructions	 and	 to	 become	 acquainted	
with	 the	 procedures	 and	 with	 the	 use	 of	 the	 measuring	 scales.	
They	were	instructed	not	to	drink	alcohol	or	eat	spicy	food	or	gar-
lic	 on	 the	 day	 prior	 to	 experiments	 or	 on	 the	 experimental	 day.	
They	were	additionally	instructed	not	to	use	strong	deodorants	or	 
perfumes.
The	air	for	the	chemical	analyses	was	sampled	through	another	
mounting	slot	 located	on	the	side	wall	of	the	chambers,	 just	above	
the	floor;	this	slot	was	parallel	to	the	slot	used	for	sampling	the	air	
for	 sensory	 assessments.	 The	 air	was	 sampled	 on	 pre-	conditioned	
universal	multisorbent	tubes	containing	Tenax	TA	and	activated	char-
coal	 (Markes	No.	C3-	BAXX-	5276).	The	weight	of	 the	sorbents	was	
approximately	300	mg.	The	tube	length	was	89	mm	and	the	diameter	
was	6.4	mm.	Calibrated	pumps	were	used	for	sampling.	The	sampled	
volume	was	5	and	2	L	 and	 the	 sampling	 flow	 rate	was	0.22	L/min.	
The	air	was	also	sampled	on	2,4-	dinitrophenylhydrazine	(DNPH)	sil-
ica	cartridges;	the	sample	volume	was	then	30	L.	No	duplicates	were	
made.	Blanks	were	taken.	The	multisorbent	tubes	were	sent	for	anal-
yses	 to	 an	 independent	 commercial	 laboratory	 (Fraunhofer-	lnstitut	
fur	Bauphysik	IB),	which	identified	and	quantified	the	VVOCs,	VOCs,	
and	SVOCs	(up	to	C22)	by	thermal	desorption	gas	chromatography-	
mass	 spectrometry	 (TD-	GC/MS).	 Analysis	 was	 performed	 using	 a	
slightly	 polar	 capillary	 column	 (RTX-	624)	 for	 which	 the	 retention	
time	is	mostly	a	function	of	the	boiling	point/molecular	weight.	The	
response	factors	of	ethanol,	isoprene,	acetic	acid,	hexanal,	6-	MHO,	
nonanal,	decanal,	and	squalene	were	determined	using	existing	ref-
erence	 standards	 for	 the	GC-	MS	 system.	The	concentrations	of	 all	
other	identified	compounds	were	expressed	as	their	toluene	equiv-
alent	concentration	by	assigning	the	calibration	curve	of	toluene	to	
them,	assuming	that	their	response	in	GC/MS	was	similar	to	that	of	
toluene.	This	assumption	is	acceptable	for	hydrocarbons	without	he-
teroatoms	in	the	molecule	in	the	range	of	C6-	C16	(personal	commu-
nication	from	the	laboratory	performing	the	chemical	analyses).	GC	
peaks	≥1	μg/m3	were	integrated.	DNPH	were	analyzed	for	aldehydes	
and	ketones	in	the	range	from	C1	(formaldehyde)	to	C6	(hexanone,	
cyclohexanone,	 hexanal,	methyl	 isobutyl	 ketone	 (MIBK)).	The	 con-
centration	 of	 each	 of	 these	 substances	was	 quantified	 individually	
using	 five-	point	 calibration	curves	based	on	a	 standard	 solution	of	
DNPH	in	acetonitrile	by	liquid	chromatography	with	a	diode	array	de-
tector	(HPLC-	DAD).	Only	concentrations	≥5	μg/m³	are	reported	fol-
lowing	the	recommendations	of	the	German	AgBB-	scheme,74	which	
was	followed	for	all	of	the	analysis.	Appendix	S3	provides	additional	
details	of	these	chemical	analyses.
F IGURE  2 Visual	analog	scales	used	for	
the	subjective	assessments:	acceptability	
scale	(left),	Odor	intensity	scale	(center),	
and	the	air	freshness	scale	(right)
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Very strong odor
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2.5 | Data treatment and statistical analyses
The	sensory	ratings	made	by	the	subjects	were	digitized,	and	the	re-
sults	were	manually	 checked	 for	 transcription	 errors	 and	 any	other	
gross	errors.	The	scales	were	coded	as	follows:	clearly	acceptable=+1,	
just	acceptable=+0,	just	not	acceptable=−0,	and	clearly	not	accepta-
ble=−1;	overpowering	odor=+5	and	no	odor=0,	and	fresh	air=0,	stuffy	
air=100.	Measures	of	central	tendency	and	variance	were	calculated	
for	each	condition	under	which	sensory	assessments	were	made.
Two-	way	anova	with	a	Bonferroni	post	hoc	test	was	applied	to	de-
tect	any	significant	differences	between	conditions	with	bioeffluents	
and	between	conditions	in	the	chamber,	assuming	that	the	residuals	
were	normally	distributed.
Univariate	 analyses	 were	 also	 performed	 using	 one-	way	 anova 
with	a	repeated	measures	design,	and	Fisher’s	least	significant	differ-
ence	(LSD)	post	hoc	test	was	used	to	compare	pairs	of	sensory	ratings	
made	under	different	conditions.
The	analyses	were	made	with	IBM	SPSS	Statistics	23	(IBM	Corp.,	
Armonk,	NY,	USA).	In	the	present	analysis,	the	significant	differences	
were	identified	using	P-	values	set	at	.01	and	.05.
3  | RESULTS
All	 sensory	 assessments	 and	 the	 results	 of	 chemical	 analyses	 are	
shown	 in	 Appendices	 S4-S6.	 The	 present	 section	 reports	 selected	
results	 that	 describe	 the	 overall	 trends	 and	 directions	 identified	 by	
examining	the	measured	data.
Figure	3	shows	the	ratings	of	acceptability	of	air	quality	and	the	
ratings	of	odor	intensity	in	the	chambers	under	the	different	conditions	
examined	in	the	experiments;	the	air	delivered	for	these	assessments	
had	 the	 same	 temperature	 as	 the	 temperature	 in	 the	 chamber;	 the	
results	of	univariate	analyses	are	shown	in	the	Appendix	S7.	Figure	3	
shows	that	all	significant	differences	were	in	the	expected	direction,	
that	 is,	 pollutants	 caused	 the	 air	 quality	 to	 be	worse	 and	 the	 odor	
level	 to	be	higher.	There	were	no	statistically	 significant	differences	
between	sensory	assessments	of	the	air	in	the	chamber	without	bio-
effluents	 (empty)	and	in	the	chamber	with	exhaled	bioeffluents.	The	
sensory	assessments	of	the	air	in	the	chamber	with	dermally	emitted	
bioeffluents	were	significantly	different	from	the	assessments	of	air	in	
the	empty	chamber	and	the	chamber	with	exhaled	bioeffluents.	The	
sensory	assessments	of	the	air	in	the	chamber	with	bioeffluents	emit-
ted	 by	 the	whole	 body	 (dermally	 emitted	 and	 exhaled	 bioeffluents)	
did	not	differ	 significantly	 from	the	sensory	assessments	of	air	with	
dermally	emitted	bioeffluents	only	but	were	statistically	significantly	
different	from	the	sensory	assessments	of	air	in	the	chamber	with	ex-
haled	bioeffluents	only	and	from	those	made	in	the	empty	chamber.	
Figure	3	also	shows	that	the	presence	or	absence	of	ozone	in	the	sup-
ply	air	did	not	affect	the	sensory	assessments	(P>.05).	However,	when	
the	temperature	in	the	chamber	was	increased	to	28°C,	the	sensory	
assessments	of	air	in	the	chambers	differed	systematically	from	those	
at	 23°C;	 this	 effect	 was	 statistically	 significant	 (P<.05).	 Additional	
analysis	was	therefore	made,	which	compared	sensory	ratings	in	the	
chambers	with	ozone	absent	when	the	 temperature	 in	 the	chamber	
was	23°C	or	28°C,	and	the	air	presented	for	sensory	assessment	was	
23°C	or	28°C.	Figure	4	shows	the	results	of	this	analysis.	It	indicates	
F IGURE  3 Acceptability	of	air	quality	(left)	and	odor	intensity	(right)	in	the	chambers	at	different	conditions	investigated	in	the	present	
experiments.	The	air	presented	for	sensory	assessments	had	the	same	temperature	as	the	air	in	the	chambers.	Asterisks	indicate	the	level	of	
statistical	significance:	**P<.01
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that	the	odor	 intensity	of	air	with	dermally	emitted	and	whole-	body	
bioeffluents	increased	at	a	temperature	of	28°C;	this	effect	was	statis-
tically	significant	for	the	whole-	body	bioeffluents	(P<.05).	This	analysis	
additionally	shows	that	a	higher	temperature	of	the	air	presented	for	
sensory	assessments	reduced	acceptability	but	had	no	effect	on	odor	
intensity	 assessments.	The	assessments	of	 air	 freshness	 (not	 shown	
here)	followed	trends	similar	to	those	of	the	ratings	of	acceptability.
In	 all,	 51	 substances	 were	 detected	 by	 GC-	MS	 analysis	 and	 7	
substances	 were	 detected	 by	 HPLC-	DAD.	 Figures	5-8	 show	 some	
selected	results	of	the	chemical	measurements.	The	objective	of	this	
study	was	to	examine	the	differences	between	dermally	emitted	and	
exhaled	 bioeffluents.	 Consequently,	 Figures	5-8	were	 generated	 by	
subtracting	chromatograms	for	the	different	conditions	established	in	
the	chambers.	This	process	also	corrected	for	the	influence	of	pollution	
F IGURE  4 Acceptability	of	air	quality	(left)	and	odor	intensity	(right)	in	the	chambers	at	different	conditions	investigated	in	the	present	
experiments	when	ozone	was	absent	in	the	supply	air.	The	air	presented	for	sensory	assessments	had	the	same	temperature	as	the	chamber	
air	but	the	air	in	an	additional	cone	delivering	the	air	from	the	chamber	at	23°C	was	increased	to	28°C.	Asterisks	indicate	the	level	of	statistical	
significance:	*.01<P<.05,	**P<.01
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F IGURE  5 A	comparison	between	chromatograms	showing	the	chemical	composition	of	the	air	with	dermally	emitted	and	exhaled	
bioeffluents	when	the	temperature	in	the	chambers	was	23°C	and	ozone	had	been	eliminated	from	the	supply	air.	The	figure	shows	the	result	
of	subtraction	of	the	chromatograms	obtained	for	dermally	emitted	and	exhaled	bioeffluents.	The	positive	peaks	indicate	dermally	emitted	
pollutants	with	concentrations	higher	than	were	observed	in	the	exhaled	pollutants.	The	negative	peaks	show	exhaled	pollutants	whose	
concentrations	were	higher	than	were	observed	in	the	dermally	emitted	pollutants.	No	peak	or	peaks	close	to	zero	indicate	either	that	the	
pollutant	was	not	present	or	that	the	concentrations	observed	in	the	exhaled	and	dermally	emitted	bioeffluents	were	similar
(min)
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in	the	outdoor	air	supplied	to	the	chambers,	if	any,	as	this	parameter	
was	also	subtracted.	Major	peaks	have	been	identified	but	a	few	that	
were	not	identified	are	left	unmarked.	Some	of	the	significant	peaks	
could	not	be	 identified.	When	analyzing	 the	 results,	 the	main	 focus	
was	on	whether	there	were	any	differences	between	the	conditions	
in	terms	of	the	compounds	that	have	previously	been	associated	with	
human	bioeffluents	(Table	1).
Figure	5	 shows	 the	difference	 in	chemical	 composition	of	 the	air	
with	dermally	emitted	and	exhaled	bioeffluents	at	23°C	when	ozone	
had	been	eliminated	from	the	supply	air.	The	results	show	that	greater	
amounts	of	 geranylacetone,	 squalene,	6-	MHO,	nonanal,	 and	decanal	
were	present	in	the	dermally	emitted	bioeffluents,	although	less	6-	MHO	
was	present	compared	with	geranylacetone,	nonanal,	and	decanal.
Figure	6	shows	the	difference	in	chemical	composition	of	the	air	
with	dermally	emitted	and	exhaled	bioeffluents	at	23°C	when	ozone	
was	present	in	the	supply	air.	The	figure	shows	similar	but	larger	dif-
ferences	in	chemical	composition	than	in	Figure	5.	Squalene	was	not	
detected	to	 the	same	extent	and	here	the	6-	MHO	peak	was	higher	
than	 those	 of	 nonanal	 and	 geranylacetone.	Additionally,	 acetic	 acid	
was	identified	in	the	exhaled	air,	whereas	the	acetone	in	the	dermally	
emitted	 bioffluents	 was	 probably	 the	 result	 of	 the	 ozone-	squalene	
chemistry	that	occurred	in	the	chamber.
F IGURE  6 A	comparison	between	chromatograms	of	dermally	emitted	and	exhaled	bioeffluents	at	23°C	when	ozone	was	not	eliminated	
from	the	supply	air.	The	figure	shows	the	result	of	subtraction	of	chromatograms	obtained	for	dermally	emitted	and	exhaled	bioeffluents.	
The	positive	peaks	indicate	dermally	emitted	pollutants	with	concentrations	higher	than	they	were	in	the	exhaled	bioeffluents.	The	negative	
peaks	identify	pollutants	whose	concentrations	were	higher	in	the	exhaled	bioeffluents	than	in	the	dermally	emitted	bioeffluents.	No	peak	or	
peaks	close	to	zero	indicate	either	that	the	pollutant	was	not	present	or	that	the	concentrations	observed	in	the	exhaled	and	dermally	emitted	
emissions	were	similar
F IGURE  7 A	comparison	between	chromatograms	of	whole-	body	(exhaled+dermally	emitted)	bioeffluents	at	23	and	28°C	when	ozone	had	
been	eliminated	from	the	supply	air.	The	figure	shows	the	result	of	subtraction	of	chromatograms	describing	emissions	at	28	and	23°C.	The	
positive	peaks	indicate	whole-	body	pollutants	at	28°C	with	concentrations	higher	than	were	observed	for	whole-	body	pollutants	at	23°C.	Vice	
versa	for	the	negative	peaks.	No	peak	or	peaks	close	to	zero	indicate	either	that	the	pollutant	was	not	present	or	that	the	concentrations	in	
whole-	body	emissions	at	23	and	28°C	were	similar
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Figure	7	shows	the	difference	in	chemical	composition	of	the	air	
with	whole-	body	 (dermally	 emitted+exhaled)	 bioeffluents	when	 the	
chamber	temperature	was	set	at	28°C	or	23°C.	The	results	show	more	
squalene	in	the	chamber	when	the	temperature	was	28°C,	as	would	
be	expected,	and	that	there	was	more	of	an	unknown	hexanedioic	acid	
ester	at	this	temperature.	More	acetic	acid	was	seen	in	the	chamber	
when	the	temperature	was	23°C.	The	other	differences	are	unlikely	to	
have	been	caused	by	the	difference	in	temperatures.
Figure	8	shows	the	difference	in	chemical	composition	of	the	air	
with	dermally	emitted	bioeffluents	when	ozone	was	present	and	when	
it	had	been	eliminated	from	the	supply	air,	when	the	temperature	was	
set	 at	 23°C.	 The	 results	 show	 that	when	 ozone	was	 present	 there	
were	more	substances,	 including	some	higher	molecular	compounds	
and	some	aldehydes.	More	geranylacetone	and	squalene	were	found	
in	the	chamber	when	ozone	had	been	eliminated.
The	 concentration	 of	 the	 compounds	 detected	 in	 the	 different	
conditions	was	compared	with	their	odor	thresholds.	This	was	done	
even	though	the	concentrations	for	some	compounds	were	obtained	
as	 toluene	equivalents.	 It	was	assumed	 that	 for	 them	they	approx-
imate	 the	 actual	 concentration	 and	 at	 least	 maintain	 the	 relative	
differences	between	the	reported	concentrations.	For	38	of	59	sub-
stances	detected	in	chemical	analyses,	the	odor	thresholds	were	ob-
tained	from	the	compilation	of	odor	thresholds	reported	by	Nagata,75 
while	 for	 33	 of	 59	 substances	 odor	 thresholds	were	 found	 in	 the	
compilation	reported	by	Devos	et	al.76	The	only	substances	for	which	
the	concentration	was	higher	than	the	odor	threshold	in	at	least	one	
of	the	9	conditions	with	bioeffluents	were	decanal,	hexanal,	nonanal,	
for	which	 the	 concentration	was	determined	using	 reference	 stan-
dards,	and	octanal,	for	which	the	concentration	was	toluene	equiva-
lent.	A	comparison	of	concentrations	with	odor	thresholds	for	these	
and	 other	 compounds	 is	 presented	 in	 detail	 in	 the	Appendices	 S5	
and	S6.
4  | DISCUSSION
4.1 | Exhaled and dermally emitted bioeffluents
The	purpose	of	this	study	was	to	examine	whether	dermally	emit-
ted	 and	 exhaled	 bioeffluents	 produce	 different	 sensory	 effects	
and,	 thus,	have	different	contributions	 to	 the	body	odor	problem.	
There	was	no	 intention	 in	the	present	work	to	measure	the	emis-
sion	rates	or	all	types	of	bioeffluents,	as	the	sample	was	small.	The	
results	 show	 that	 the	 perception	 of	 increased	 odor	 intensity	 and	
of	 unacceptable	 air	 quality	 caused	 by	 human	 bioeffluents	 can	 be	
primarily	attributed	to	dermally	emitted	bioeffluents.	As	shown	 in	
Figure	3,	 the	 ratings	 of	 both	 acceptability	 of	 air	 quality	 and	 odor	
intensity	 differed	 significantly	 between	exposures	 to	 exhaled	 and	
dermally	emitted	bioeffluents.	These	findings	are	further	supported	
by	results	showing	that	the	odor	intensity	of	air	containing	dermally	
emitted	 bioeffluents	 was	 similar	 to	 that	 of	 air	 containing	 whole-	
body	 bioeffluents,	 and	 that	 the	 odor	 intensity	 of	 exhaled	 bioef-
fluents	was	 similar	 to	 that	of	 air	 in	 the	empty	 chamber.	This	 also	
support	the	results	of	the	pilot	experiments	by	the	authors,	which	
also	showed	that	the	addition	of	pure	CO2	to	air	containing	dermally	
emitted	 bioeffluents	 did	 not	 significantly	 change	 the	 sensory	 rat-
ings,77	confirming	the	results	of	Zhang	et	al3,4	and	Liu	et	al.13
One	objective	of	the	present	research	was	to	examine	whether	ob-
served	sensory	effects	can	be	partially	explained	by	relative	differences	
in	the	chemical	composition	of	the	air.	Figures	5-8	show	that	among	the	
compounds	that	were	emitted	dermally	and	from	the	whole	body,	there	
were	aldehydes	that	have	low	odor	thresholds.	As	acetic	acid	was	mea-
sured	 among	dermally	 emitted	 and	exhaled	bioeffluents,	we	 assume	
that	it	did	not	contribute	to	differences	in	sensory	perception	between	
the	two	types	of	bioeffluents.	Aldehydes	with	low	odor	thresholds	had	
been	detected	in	the	earlier	studies	and	are	summarized	in	Table	1.	This	
F IGURE  8 A	comparison	between	chromatograms	of	dermally	emitted	bioeffluents	when	ozone	either	had	or	had	not	been	eliminated	from	
the	supply	air	at	23°C.	The	figure	shows	the	result	of	subtraction	of	chromatograms	describing	emissions	with	and	without	ozone	present.	The	
positive	peaks	indicate	dermally	emitted	pollutants	whose	concentration	was	higher	when	ozone	had	not	been	eliminated	than	when	ozone	had	
been	eliminated.	Vice	versa	for	the	negative	peaks.	No	peak	or	peaks	close	to	zero	indicate	either	that	the	pollutant	was	not	present	or	that	the	
concentrations	with	and	without	any	ozone	present	were	similar
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suggests	that	the	differences	in	sensory	assessments	shown	in	Figure	3	
can	be	partially	attributed	to	the	presence	of	these	compounds.	Future	
studies	should	examine	this	hypothesis	more	closely,	as	the	analytical	
measurements	 in	 the	 present	 experiment	were	 limited	 (only	 toluene	
equivalent	 concentrations	were	 measured	 for	 many	 compounds),	 as	
were	the	range	and	control	of	the	ozone	concentration.
It	should	be	mentioned	that	halitosis	can	produce	a	local	unpleas-
ant	 odor	 due	 to	 foul	 breath,	 especially,	 in	 the	 immediate	vicinity	 of	
the	source	person.	However,	 in	our	experiments,	the	bioeffluent	as-
sessments	were	 conducted	after	 the	exhaled	bioeffluents	had	been	
mixed	with	the	entire	volume.	Therefore,	our	results	do	not	represent	
conditions	under	which	people	are	close	to	each	other.	Moreover,	as	
only	organic	pollutants	were	measured	 in	our	experiments,	we	were	
not	able	to	determine	the	presence	of	halitosis	markers;	however,	the	
odor	intensity	of	exhaled	bioeffluents	was	the	same	as	that	assessed	
in	the	empty	chamber	(Figure	3).	This	suggests	that	halitosis-	causing	
compounds	were	probably	at	levels	that	could	not	be	perceived	by	the	
subjects	after	being	diluted	in	the	entire	volume.
The	sensory	evaluations	of	dermally	emitted	and	whole-	body	bio-
effluents	that	were	made	when	naturally	occurring	ozone	could	enter	
the	 chambers	with	 the	 supply	 air	 or	when	 it	 had	 been	 eliminated	
were	not	significantly	different	(Figure	3).	The	absence	of	an	effect	
of	ozone	could	be	due	to	the	low	concentration	of	ozone,	leading	to	
such	small	differences	in	the	concentration	of	chemical	compounds	
between	the	conditions	with	the	ozone	present	or	absent	(Figure	8)	
that	they	could	not	be	detected	by	the	sensory	panel.	Figure	8	shows	
that	 many	 compounds	 that	 would	 be	 expected	 to	 evoke	 sensory	
perception	were	at	a	slightly	higher	concentration	when	ozone	was	
present—the	peaks	on	 chromatograms	were	higher,	 but	 the	differ-
ences	were	probably	too	small	to	be	detected	by	the	panel.	Figure	6	
shows	that	squalene	was	present	at	lower	concentration	when	ozone	
was	present,	as	would	be	expected	from	the	reaction	of	ozone	with	
squalene.e.g.66	 The	 occurrence	 of	 this	 chemistry	 is	 supported	 by	
elevated	 concentrations	 of	 the	 oxidation	 products	 expected	 from	
ozone/skin	 oil	 chemistry	 (e.g.,	 acetone,	 6-	MHO,	 nonanal,	 decanal,	
and	geranylacetone).	Table	3	shows	that	in	the	conditions	with	ozone	
present	 in	the	supply	air,	 the	ozone	concentration	measured	 in	the	
chamber	was	 lower	 than	 in	 the	ambient	 air,	 suggesting	 that	ozone	
was	being	scavenged	in	the	chamber	by	reactions	with	skin	oils.
Aldehydes,	geranylacetone,	and	6-	MHO	were	abundant	in	the	der-
mal	 emissions,	 and	 they	 reduced	 PAQ	 and	 increased	 odor	 intensity.	
These	results	are	in	agreement	with	the	published	literature	describing	
the	processes	that	occur	on	human	skin.	Sebaceous	glands	consisting	
mainly	of	wax	ester	(25%),	triglyceride	(60%),	and	squalene	(12%)	and	
distributed	over	the	entire	body	(except	for	the	palms	and	soles	of	the	
feet)	produce	squalene.78	Squalene	has	six	double	bonds	that	can	easily	
be	oxidized.	This	 reaction	produces	nonanal,	decanal,	geranylacetone,	
and	6-	MHO.	Geranylacetone	is	both	produced	by	ozone	(with	squalene)	
and	consumed	by	ozone	after	it	is	produced.	In	the	present	study,	the	
consumption	of	geranylacetone	seemed	to	dominate,	as	geranylacetone	
was	present	at	a	lower	concentration	when	ozone	was	present	(Figure	8).	
6-	MHO	also	reacts	with	ozone	once	it	had	been	formed	but	it	apparently	
it	was	not	all	consumed,	as	may	be	seen	in	Figure	8.	This	is	consistent	
with	6-	MHO	being	produced	both	by	ozone	reacting	with	squalene	and	
by	ozone	reacting	with	geranylacetone,	whereas	geranylacetone	is	pro-
duced	only	by	ozone	reacting	with	squalene	(and	then	being	consumed	
by	ozone),	which	is	in	agreement	with	the	measurements	of	geranylace-
tone	shown	in	Figure	8.	The	processes	described	above	show	that	ozone	
and	dicarbonyls	react	quickly	in	the	upper	layers	of	the	skin,	preventing	
some	potentially	hazardous	compounds	from	penetrating	deep	into	the	
skin	and	hence	reaching	the	blood.79	It	is	worth	mentioning	that	seba-
ceous	compounds	mix	with	sweat	on	the	epidermis	and	that	this	acid	
mantle	has	a	bactericidal	action	on	the	horny	cell	layer	(especially	wax	
ester	and	squalene),	promoting	water	retention.80,81
The	absence	of	ozone	will	not	completely	eliminate	the	oxidation	
process,	but	it	may	reduce	the	rate	at	which	squalene	is	oxidized.	For	
instance,	people	may	already	have	the	oxidized	substances	on	their	skin	
as	 the	process	can	occur	 in	other	places	where	ozone	 is	present,	 for	
example	 outside	 the	 building.	Geranylacetone,	 nonanal,	 and	 decanal	
have	high	molecular	weights	and	hence	are	“sticky”;	 therefore,	 these	
molecules	 remain	on	 the	skin	after	 they	are	produced.	On	 the	other	
hand,	6-	MHO	is	quite	soluble	in	skin	oil	and	not	as	“sticky.”	This	may	
explain	why	aldehydes	produced	by	ozone/skin	oil	chemistry	were	de-
tected,	even	when	ozone	had	been	removed	from	the	supply	air,	and	
why	 the	concentration	of	6-	MHO	was	 lower	 than	 that	of	geranylac-
etone,	nonanal,	and	decanal	 (Figure	5).	The	concentration	of	6-	MHO	
was	higher	than	that	of	nonanal	and	geranylacetone	with	ozone	pres-
ent	 in	 the	 supply	air,	 as	 indicated	by	 the	higher	peak	 (Figure	6).	This	
is	consistent	with	its	production	in	the	ozone/squalene	reactions	that	
occurred	in	the	chamber	when	ozone	was	present.	For	completeness,	
it	should	be	mentioned	that	the	oxidation	process	can	also	be	driven	
by	other	oxidative	compounds	such	as	oxygen,	although	this	reaction	
is	probably	too	slow	to	have	had	any	effect	in	the	present	experiments.	
Future	work	should	examine	further	the	processes	described	above.
It	may	also	be	seen	that	there	were	more	compounds	with	a	reten-
tion	time	higher	than	40	in	the	condition	with	dermally	emitted	bioefflu-
ents	compared	with	the	condition	with	exhaled	bioeffluents	(Figures	5	
and	 6).	 In	 general,	 compounds	with	 a	 higher	 molecular	weight	 have	
higher	 retention	 times.	 The	 compounds	 exhaled	 tended	 to	 be	 more	
volatile,	with	a	lower	molecular	weight	than	the	compounds	that	were	
dermally	emitted	(Table	1	and	Nicolaides82).	Also,	even	if	there	had	been	
compounds	with	 a	high	molecular	weight	 in	 the	exhaled	breath,	 it	 is	
likely	that	they	would	have	been	sorbed	on	the	breathing	mask	and	on	
the	tube	delivering	the	exhaled	air	to	the	other	chamber.
There	are	other	processes	 that	may	explain	why	body	odor	was	
present	even	when	ozone	was	absent.	Body	odor	 is	produced	when	
the	skin	flora	that	 is	 resident	on	the	surface	of	 the	skin	decompose	
the	sebum	and	sweat	through	the	process	termed	lipase	action.78 In 
particular,	 triglyceride	 is	mainly	hydrolyzed	to	 fatty	acid	by	propioni-
bacterium acnes and staphylococcus epidermidis,	even	when	there	is	no	
ozone,	although	these	compounds	were	not	detected	in	the	present	
experiment.	Even	 if	 the	 skin	had	been	wiped,	 staphylococcus epider-
midis	can	return	to	its	original	concentration	on	the	skin	within	30	min	
to	2	h.	The	analytical	methods	that	were	used	were	not	capable	of	de-
tecting	fatty	acids.	Some	of	the	undetected	fatty	acids	may	thus	have	
been	partially	responsible	for	the	observed	body	odor.
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It	should	be	noted	that	4-	oxo-	pentanal	(4-	OPA)	was	not	measured	
in	these	experiments.	This	compound	of	the	ozone	reaction	with	skin	
oil59	but	it	is	difficult	to	measure.	The	analytical	limitations	of	our	mea-
surements	may	account	for	the	lack	of	its	detection.
2,2,4-	Trimethylpentanediol	diisobutyrate,	a	 low-	temperature	plas-
ticizer	commonly	referred	to	as	TXIB,	was	detected	when	conditions	
with	dermally	emitted	bioeffluents	were	compared	with	the	condition	
with	only	exhaled	bioeffluents	(Figures	5	and	6),	but	not	when	whole-	
body	bioffluents	were	compared	(Figures	7	and	8).	TXIB	should	not	be	
considered	as	a	dermally	emitted	bioeffluent.	It	is	an	additive	present	in	
inks,	plastisols,	coatings,	urethane	elastomers,	and	nail	polish	lacquers	
and	it	was	probably	detected	because	the	source	subjects	had	touched	
something	that	was	coated	with	TXIB	prior	to	the	experiments.
No	duplicates	were	made,	and	the	concentrations	of	most	of	the	
compounds	measured	were	expressed	as	toluene	equivalents.	Hence,	
we	only	performed	relative	comparisons	between	the	chromatograms	
(Figures	5-8).
No	 chemical	measurements	were	 performed	 on	 the	 outdoor	 air	
supplied	to	the	chambers.	However,	the	sensory	evaluations	of	odor	
intensity	in	the	empty	chambers	on	different	days	did	not	indicate	a	
difference	in	the	quality	of	air	supplied	to	the	chambers.	Furthermore,	
the	quality	of	supplied	air	would	not	affect	the	comparisons	presented	
in	Figures	5	and	6,	as	the	measurements	were	performed	simultane-
ously	on	the	same	day.	In	the	case	of	the	results	presented	in	Figure	7,	
the	influence	of	outdoor	air,	if	any,	was	reduced	by	the	charcoal	filter	
in	the	supply	airflow.	The	negligible	influence	of	supply	air	quality	on	
the	measurements	is	also	implied	by	the	results	presented	in	Figure	8,	
which	show	similar	results,	as	for	the	other	comparisons.
The	charcoal	filter	used	to	remove	ozone	could	also	remove	organic	
compounds	from	the	outdoor	air.	Whether	 it	actually	did	remove	the	
pollutants	 is	 not	 considered	 to	 influence	 the	 final	 results.	 Firstly,	 the	
study	was	performed	 in	a	 rural	 area	with	a	generally	high	air	quality.	
Secondly,	 comparison	of	 the	chromatograms	between	 the	conditions	
with	ozone	present	(w/o	charcoal	filter)	and	absent	(w/charcoal	filter)	did	
not	present	significant	differences	in	the	types	of	pollutants	measured.
Although	possible	impurities	from	the	masks,	the	tubes	connecting	
the	masks,	and	the	adjacent	chamber	were	not	measured,	the	sensory	
evaluations	of	odor	intensity	in	the	chamber	containing	exhaled	bio-
effluents	did	not	differ	from	the	odor	intensity	in	the	empty	chamber	
(Figure	4),	implying	that	no	impurities	were	emitted	from	these	items	
that	evoked	a	sensory	response.
4.2 | The effects of increased temperature
Although	Figure	3	does	not	show	clearly	whether	increased	tempera-
ture	 increased	 the	 emission	 of	 human	 bioeffluents,	 Figure	4	 shows	
that	when	 the	 effect	 of	 temperature	 on	 perception	was	 eliminated	
(the	sensory	ratings	were	made	on	air	having	the	same	temperature),	
the	 odor	 intensity	 of	 the	 air	with	whole-	body	 bioeffluents	 at	 28°C	
was	significantly	different	from	the	odor	intensity	when	the	tempera-
ture	was	23°C.	This	result	implies	that	the	emission	of	bioeffluents	in-
creased	with	increasing	source	chamber	temperature.	A	similar	effect	
can	be	seen	in	Figure	7,	especially	for	squalene	and	hexanedioic	acid	
ester.	 The	 present	 results	 provide	 some	 support	 for	 the	 Australian	
ventilation	standard83	that	imposes	an	increased	ventilation	require-
ment	when	ambient	temperatures	are	higher	than	27°C,	to	deal	with	
the	expected	higher	emission	of	bioeffluents.	However,	more	studies	
are	required	to	further	 investigate	the	effect	of	temperature	on	the	
emission	of	bioeffluents,	account	the	recent	research	reported	by	Luo	
et	al84	which	shows	that	metabolic	rate	can	be	significantly	influenced	
by	ambient	temperature	and	clothing	insulation.
To	explain	the	results	observed	when	the	temperature	in	the	cham-
ber	was	28°C,	it	should	be	noticed	that	the	vapor	pressure	of	squalene	
is	higher	 at	28°C	 than	at	23°C,	which	means	 that	 it	 becomes	more	
volatile	(the	melting	point	of	squalene	is	−5°C	so	it	is	a	liquid	at	indoor	
temperatures).	 Additionally,	 during	 periods	 with	 high	 temperatures	
sebum	becomes	 soft	 and	 secretion	 increases,	which	would	 increase	
volatilization	and	consequently	 the	emission	of	 squalene.	Moreover,	
the	 number	 of	 resident	 skin	 flora	 increases	 at	 higher	 temperatures;	
higher	 humidities,	 higher	 nutritional	 status	 of	 the	 skin,	 and	 pH	 also	
increase	this	number.	Consequently,	when	the	temperature	increases,	
more	odorous	substances	will	be	produced	as	resident	skin	flora	de-
compose	triglyceride	and	contribute	to	any	sensory	effects.78	Finally,	
higher	temperature	will	increase	the	rate	of	the	oxidation	reaction	with	
squalene,	according	to	the	Arrhenius	equation,	which	will	again	con-
tribute	to	causing	stronger	sensory	responses.	The	combined	effect	of	
higher	temperature	and	elevated	ozone	concentration	on	the	emission	
of	bioeffluents	that	can	reduce	the	PAQ	and	increase	odor	intensity	
warrants	further	attention.	We	recommend	that	this	effect	should	be	
taken	into	account	in	the	design	of	ventilation	for	occupied	spaces.
We	 also	 recommend	 that	 the	 temperature	 of	 the	 air	 should	 be	
taken	into	account	when	setting	ventilation	requirements	 if	the	pur-
pose	is	to	achieve	acceptable	air	quality.	The	sensory	assessments	of	
air	quality	performed	during	the	present	experiment	confirm	the	pre-
vious	work	of	Kerka	and	Humphreys,85	Woods,86	Cain	et	al8	Berglund	
and	Cain,87	and	Fang	et	al.88	They	show	that	the	air	was	perceived	as	
less	acceptable	at	an	increased	temperature	and	that	there	is	either	a	
very	small	or	no	effect	of	temperature	on	the	perceived	odor	intensity	
(Figures	3	and	4).
4.3 | Limitations
Single	 replicate	 measurements	 were	 performed	 for	 both	 sensory	
measurements	 of	 odor	 intensity	 and	 chemical	 measurements	 of	
air	composition	 in	 the	chamber.	This	 is	a	potential	 limitation	of	 this	
study.	However,	 the	 results	were	consistent	across	different	condi-
tions	and	 indicate	 that	 the	odor	 intensity	of	air	containing	dermally	
emitted	bioeffluents	was	higher	 than	 that	of	 air	 containing	exhaled	
bioeffluents,	 and	 that	 the	 odor	 intensity	 in	 the	 chamber	 containing	
exhaled	bioeffluents	was	similar	to	that	of	air	in	the	empty	chamber.	
These	results	were	independent	of	temperature	and	ozone	concentra-
tion	changes.	Furthermore,	chemical	measurements	were	consistent	
under	 different	 condition	 scenarios	 in	 the	 chambers	 and	 presented	
similar	 compounds	 for	 air	 containing	 dermally	 emitted	 bioeffluents	
under	different	conditions.	We,	 therefore,	conclude	that	 the	results	
of	this	study	are	credible.
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Another	limitation	of	the	present	work	could	be	the	experimental	
procedure.	The	measurements	were	performed	after	the	CO2 concen-
tration	reached	a	steady	state	and	remained	constant	(see	Appendix	
S4).	 The	 stability	 of	 CO2	 concentration	 does	 not	 guarantee	 that	 all	
VOCs	were	stable.	Real-	time	measurements	of	VOCs	would	be	needed,	
as	reported	by	Tang	et	al18	to	check	their	stability.	Additionally,	on	the	
two	experimental	days	when	ozone	was	being	eliminated	 the	break	
between	different	conditions	was	10-	30	min.	and	the	fans	supplying	
outdoor	 air	were	 turned	 off	 in	 order	 to	 reduce	 the	 time	 needed	 to	
achieve	a	steady-	state	condition.	Sensory	assessments	showed,	how-
ever,	that	the	impact	of	these	procedures	on	the	final	results	was	neg-
ligible.	For	example,	the	background	sensory	assessments	on	the	days	
when	the	outdoor	air	supply	was	not	turned	off	at	23°C	did	not	differ	
significantly	from	those	on	the	days	when	it	was	turned	off.
Only	one	“blend”	of	bioeffluents	was	examined.	There	could	be	ex-
ternal	factors,	including	the	diet,	stress	level,	hygiene	habits,	personal	
care	products,	and	very	 light	clothing	 (underwear)	worn	by	 the	sub-
jects	sitting	in	the	chamber,	which	could	have	affected	the	emission	
of	chemical	compounds	and	consequently	 the	air	quality.	These	can	
be	 considered	 as	 limitations	 of	 the	 present	 experiment;	 however,	 it	
should	be	noted	that	their	influence	was	somewhat	adjusted	for	com-
paring	the	chromatograms	at	different	conditions	rather	than	looking	
at	absolute	levels.	Future	study	of	their	relative	influence	would	be	a	
valuable	addition	to	this	field	of	research.
The	source	subjects	breathed	air	containing	dermally	emitted	bio-
effluents	when	wearing	 the	masks.	This	will	have	caused	some	der-
mally	emitted	bioeffluents	to	be	drawn	into	the	chamber	together	with	
the	 exhaled	bioeffluents.	Tracer	 gas	measurements	were	performed	
and	indicated	that	this	effect	was	negligible	for	the	overall	findings.
Finally,	it	cannot	be	ruled	out	that	other	pollutants	not	identified	
by	the	chemical	analysis	carried	out	in	the	present	experiments	could	
also	 contribute	 to	 different	 sensory	 responses	 elicited	 by	 exposure	
to	exhaled	and	dermally	emitted	human	bioeffluents.	Analytical	chal-
lenges	and	limitations	made	it	difficult	to	identify	these	compounds.	It	
is	also	likely	that	the	observed	differences	can	be	partially	caused	by	
so	called	“cocktail”	effect,	that	is,	the	combined	effect	of	compounds	
that	is	eliciting	sensory	response	even	when	their	concentrations	are	
below	odor	threshold.	Future	experiments	can	provide	further	expla-
nations	into	these	matters.
4.4 | Future work
Future	studies	should	avoid	the	limitations	described	above	and	ex-
amine	and	verify	some	of	the	assumptions	made	in	the	previous	sec-
tions.	They	should	also	aim	to	extend	the	present	results	by	examining	
higher	ozone	levels	than	occur	in	Denmark,	the	combined	impact	of	
ozone	and	temperature,	different	concentrations	of	bioeffluents,	dif-
ferent	production	rates	of	bioeffluents	 (by	manipulating	the	activity	
level	of	the	source	subjects),	and	the	impact	of	clothing,	laundering	of	
clothing,	and	bathing	habits.
In	the	present	study	young	male	subjects	were	used	as	a	source	of	
bioeffluents.	Other	experiments	must	be	carried	out	with	other	groups	
of	subjects	especially	diversified	as	regards	the	gender	(male-	female)	
and	age	(children-	elderly)	(e.g.,	Barber,89	Mitro	et	al90)	before	the	pres-
ent	results	can	be	generalized	for	a	broad	population.	Gallagher	et	al35 
reported	that	some	compounds,	such	as	dimethylsulphone,	benzothi-
azole,	and	nonanal,	were	emitted	from	skin	at	a	higher	rate	with	 in-
creasing	age.	The	number	of	colonies	can	differ	from	person	to	person	
depending	on	 the	composition	of	 their	 skin	and	 the	composition	of	
the	 sebum	on	 the	 skin	 surface.	Normally,	 the	volume	of	 sebum	 se-
creted	peaks	around	the	age	of	10	to	20	years	for	females	and	around	
the	age	of	30	 to	40	years	 for	males.	 In	 the	present	experiment,	 the	
source	subjects’	average	age	was	24.4	±	2.0,	suggesting	that	the	odor	
intensity	would	be	higher	if	30-	to	40-	year-	old	male	source	subjects	
had	been	used.	Additionally,	 the	effect	of	 the	occupants’	body	 size,	
hygienic	habits,	and	health	conditions	should	be	considered	in	future	
studies.	 If	 the	source	subjects	had	had	a	 larger	body	surface	area,	 it	
would	also	have	been	increased;	their	average	height	and	weight	were	
174.6	±	4.8	and	73.4	±	3.4	in	the	present	experiment,	indicating	that	
they	were	not	overweight.
The	observed	magnitude	of	difference	 in	sensory	perceptions	of	
exhaled	and	dermally	emitted	bioeffluents	should	not	be	generalized	
to	 broad	 population	 either	 not	 only	 because	 the	 bioeffluents	were	
produced	by	young	males	but	also	because	the	sensory	assessments	
were	not	made	by	the	panel	representing	diverse	groups	in	population	
with	different	sensory	sensitivity.	This	also	calls	for	additional	exper-
iments	 in	future	that	would	complement	and	generalize	the	present	
results.
5  | CONCLUSIONS
The	 presence	 of	 exhaled	 bioeffluents	 did	 not	 cause	 any	 significant	
change	 in	 the	 sensory	 ratings	of	 odor	 intensity	 or	 the	 acceptability	
of	the	chamber	air	quality.	On	the	other	hand,	the	presence	of	der-
mally	emitted	bioeffluents	(either	alone	or	with	exhaled	bioeffluents)	
caused	significant	changes	in	the	sensory	ratings	of	both	odor	inten-
sity	and	 the	acceptability	of	 the	chamber	air	quality,	 indicating	 that	
they	decreased	air	quality.
Increasing	 the	 temperature	 from	 23	 to	 28°C	 significantly	 in-
creased	the	odor	intensity	of	bioeffluents	emitted	by	the	whole	body.	
Eliminating	ozone	from	the	supply	air	did	not	cause	any	change	in	sen-
sory	ratings	of	odor	intensity	or	the	acceptability	of	the	air	quality	when	
dermally	emitted,	exhaled,	or	whole-	body	bioeffluents	were	present.
The	chemical	composition	of	air	with	dermally	emitted	or	exhaled	
bioeffluents	was	different.	The	air	with	dermally	emitted	bioeffluents	
present	contained	aldehydes	(nonanal,	decanal),	geranylacetone,	and	
6-	MHO.	Increasing	the	air	temperature	to	28°C	increased	the	emis-
sion	of	 squalene	and	other	 compounds	with	high	molecular	weight.	
Eliminating	ozone	from	the	supply	air	reduced	the	levels	of	aldehydes,	
geranylacetone,	and	6-	MHO.	When	ozone	was	not	removed,	the	con-
centration	of	squalene	was	lower.
The	present	results	are	particularly	relevant	to	the	development	of	
effective	methods	for	 improving	the	perceived	air	quality	when	pol-
lutants	 emitted	by	humans	 are	present.	They	 indicate	 that	 dermally	
emitted	bioeffluents	may	be	the	primary	cause	of	any	sensory	effects.
16  |     TSUSHIMA eT Al.
ACKNOWLEDGEMENTS
This	work	was	partially	supported	by	a	Grant-	in-	Aid	for	JSPS	Fellows	
and	by	the	industrial	sponsors	supporting	the	International	Centre	for	
Indoor	Environment	and	Energy	in	the	Department	of	Civil	Engineering	
at	 the	 Technical	University	 of	Denmark.	 The	 authors	would	 like	 to	
thank	Professor	Charles	J.	Weschler	of	Rutgers	University	for	his	valu-
able	comments	 regarding	 the	 interpretation	of	 the	chemical	 results,	
Professor	Glenn	C.	Morrison	of	Missouri	University	 of	 Science	 and	
Technology	 for	his	 comments	and	advice	on	 the	chemical	 analyses,	
Dr	Gabriel	Bekö	from	the	Centre	for	his	help	and	advice	regarding	the	
experiment	and	his	valuable	comments	on	the	draft	version	of	the	pre-
sent	manuscript,	and	Professor	David	P.	Wyon	for	the	comments	and	
proofreading	of	 the	manuscript.	The	authors	 thank	 the	Fraunhofer-	
lnstitut	 fur	Bauphysik	 IB	for	their	help	 in	the	chemical	analysis.	The	
authors	are	indebted	to	the	subjects	for	their	cooperation.
REFERENCES
	 1.	 New	York	State	Commission	on	Ventilation.	Ventilation: Report of the 
New York State Commission on Ventilation.	New	York:	E.P.	Dutton	&	Co;	
1923.
	 2.	 Vehviläinen	T,	Lindholm	H,	Rintamäki	H,	et	al.	High	indoor	CO2 con-
centrations	 in	 an	 office	 environment	 increases	 the	 transcutaneous	
CO2	level	and	sleepiness	during	cognitive	work.	J Occup Environ Hyg. 
2016;13:19-29.
	 3.	 Zhang	 XJ,	Wargocki	 P,	 Lian	 ZW,	 Thyregod	 C.	 Effects	 of	 exposure	
to	 carbon	 dioxide	 and	 bioeffluents	 on	 perceived	 air	 quality,	 self-	
assessed	acute	health	symptoms,	and	cognitive	performance.	Indoor 
Air.	2017;27:47-64.
	 4.	 Zhang	XJ,	Wargocki	P,	Lian	ZW.	Human	responses	to	carbon	dioxide,	
a	follow-	up	study	at	recommended	exposure	limits	in	non-	industrial	
environments.	Build Environ.	2016;100:162-171.
	 5.	 Maddalena	R,	Mendell	MJ,	Eliseeva	K,	et	al.	Effects	of	ventilation	rate	
per	person	and	per	floor	area	on	perceived	air	quality,	sick	building	syn-
drome	symptoms,	and	decision-	making.	Indoor Air.	2015;25:362-370.
	 6.	 Yaglou	 CP,	 Riley	 EC,	 Coggins	 DI.	 Ventilation	 requirements.	 ASHVE 
Trans.	1936;42:133-162.
	 7.	 Fanger	 PO,	 Berg-Munch	 B.	Ventilation	 and	 body	 odor.	 In:	 Janssen	
JE,	 ed.	 Proceedings of an Engineering Foundation Conference on 
Management of Atmospheres in Tightly Enclosed Spaces.	Atlanta,	 GA:	
American	 Society	 of	 Heating,	 Refrigerating	 and	 Air	 Conditioning	
Engineers;	1983:45-50.
	 8.	 Cain	WS,	 Leaderer	BP,	 Isseroff	R,	 et	 al.	Ventilation	 requirements	 in	
buildings:	 control	 of	 occupancy	 odour	 and	 tobacco	 smoke	 odour.	
Atmos Environ.	1983;17:1183-1197.
	 9.	 Iwashita	 G,	 Kimura	 K,	 Tanabe	 S,	 Yoshizawa	 S,	 Ikeda	 K.	 Indoor	 air	
quality	assessment	based	on	human	olfactory	sensation.	J Archit Plan 
Environ Eng.	1990;410:9-19.
	10.	 ASHRAE.	 Ventilation for Acceptable Indoor Air Quality.	 Atlanta,	 GA,	
American	 Society	 of	 Heating,	 Refrigerating	 and	 Air	 Conditioning	
Engineers	2013.
	11.	 CEN	 European	 Standard	 EN	 15251.	 Indoor Environmental Input 
Parameters for Design and Assessment of Energy Performance of 
Buildings Addressing Indoor Air Quality, Thermal Environment, Lighting 
and Acoustics,	Brussels,	2007.
	12.	 Pettenkofer	MV.	Über den Luftwechsel in Wohngebäuden.	München:	
Cotta’schenbuchhandlung;	1858.
	13.	 Liu	W,	Zhong	W,	Wargocki	P.	Performance,	acute	health	symptoms	
and	physiological	responses	during	exposure	to	high	air	temperature	
and	carbon	dioxide	concentration.	Build Environ.	2017;114:96-105.
	14.	 Satish	U,	Mendell	MJ,	Shekhar	K,	et	al.	Is	CO2	an	indoor	pollutant?	Direct	
effects	of	low-	to-	moderate	CO2	concentrations	on	human	decision-	
making	performance.	Environ Health Persp.	2012;120:1671-1705.
	15.	 Allen	J,	Macnaughton	P,	Satish	U,	Santanam	S,	Vallarino	J,	Spengler	J.	
Associations	of	cognitive	function	scores	with	carbon	dioxide,	venti-
lation,	and	volatile	organic	compound	exposures	in	office	workers:	a	
controlled	exposure	study	of	green	and	conventional	office	environ-
ments.	Environ Health Perspect.	2015;124:805-812.
	16.	 Kajtár	 L,	 Herczeg	 L.	 Influence	 of	 carbon-	dioxide	 concentration	 on	
human	well-	being	and	 intensity	of	mental	work.	Q J Hung Meteorol 
Serv.	2012;116:145-169.
	17.	 Liu	S,	Li	R,	Wild	RJ,	et	al.	Contribution	of	human-	related	sources	to	
indoor	volatile	organic	compounds	 in	a	university	classroom.	 Indoor 
Air.	2016;26:925-938.
	18.	 Tang	 X,	 Misztal	 PK,	 Nazaroff	WW,	 Goldstein	 AH.	 Volatile	 organic	
compound	 emissions	 from	 humans	 indoors.	 Environ Sci Technol. 
2016;50:12686-12694.
	19.	 Senol	 M,	 Fireman	 P.	 Body	 odor	 in	 dermatologic	 diagnosis.	 Cutis. 
1999;63:107-111.
	20.	 Pereira	J,	Porto-Figueira	P,	Cavaco	C,	et	al.	Breath	analysis	as	a	po-
tential	 and	 non-	invasive	 frontier	 in	 disease	 diagnosis:	 an	 overview.	
Metabolites.	2015;5:3-55.
	21.	 Shirasu	M,	 Touhara	 K.	 The	 scent	 of	 disease:	 volatile	 organic	 com-
pounds	of	the	human	body	related	to	disease	and	disorder.	J Biochem. 
2011;150:257-266.
	22.	 Krotoszynski	BK,	Dravnieks	A.	Detection and identification of chemi-
cal signatures,	Report	No.	 IITRIU	6012-4,	Final	Report.	 IIT	Research	
Institute,	Technology	Center,	Chicago,	Illinois.	1995.
	23.	 Ellin	R.	An	apparatus	for	the	detection	and	quantification	of	volatile	
human	effluents.	J Chromatogr.	1974;100:137-152.
	24.	 Wang	 TC.	A	 study	 of	 bioeffluents	 in	 a	 college	 classroom.	ASHRAE 
Trans.	1975;81:32-34.
	25.	 Hanihara	H,	Tsutsui	T,	Kon	R.	Analysis	of	odor	 in	bedroom.	Bunseki 
Kagaku.	2013;62:207-213.
	26.	 Chen	S,	Zieve	L,	Mahadevan	V.	Mercaptans	and	dimethyl	sulfide	 in	
the	breath	of	patients	with	cirrhosis	of	the	liver.	Effect	of	feeding	me-
thionine.	J Lab Clin Med.	1970;75:628-635.
	27.	 Sun	 X,	Yang	 X.	 Experimental	 study	 on	 volatile	 organic	 compounds	
(VOCs)	in	normal	human	exhaled	breath,	In:	Proceedings	of	Indoor	Air	
Quality	and	Climate	2014,	July,	Hong	Kong,	ISIAQ:183.
	28.	 Bluyssen	 RM.	Air Quality Evaluated by a Trained Panel.	 Ph.D.	 thesis	
1990.	 Copenhagen,	 Laboratory	 of	 Heating	 and	 Air	 Conditioning,	
Technical	University	of	Denmark.
	29.	 Tonzetich	 J.	 Direct	 gas	 chromatographic	 analysis	 of	 sulphur	 com-
pounds	in	mouth	air	in	man.	Arch Oral Biol.	1971;16:587-597.
	30.	 Fenske	JD,	Paulson	SE.	Human	breath	emissions	of	VOCs.	J Air Waste 
Manag Assoc.	1999;49:594-598.
	31.	 Zhang	Q,	Sun	X,	Yang	X,	Sundell	J.	A	pilot	 study	of	volatile	organic	
compounds	emitted	by	the	whole	body,	In:Proceedings	of	Indoor	Air	
Quality	and	Climate	2014,	July,	Hong	Kong,	ISIAQ:225.
	32.	 Logan	JG,	Birkett	MA,	Clark	SJ,	et	al.	Identification	of	human-	derived	
volatile	chemicals	that	interfere	with	attraction	of	Aedes aegypti	mos-
quitoes.	J Chem Ecol.	2008;34:308-322.
	33.	 Dormont	L,	Bessiere	JM,	Cohuet	A.	Human	skin	volatiles:	a	review.	J 
Chem Ecol.	2013;39:569-578.
	34.	 Harraca	V,	Ryne	C,	Birgersson	G,	Ignell	R.	Smelling	your	way	to	food:	
can	bed	bugs	use	our	odour?	J Exp Biol.	2012;215:623-629.
	35.	 Gallagher	M,	Wysocki	 CJ,	 Leyden	 JJ,	 Spielman	AI,	 Sun	 X,	 Preti	 G.	
Analyses	 of	 volatile	 organic	 compounds	 from	 human	 skin.	 Br J 
Dermatol.	2008;159:780-791.
	36.	 Penn	DJ,	Oberzaucher	E,	Grammer	K,	et	al.	Individual	and	gender	fin-
gerprints	in	human	body	odour.	J R Soc Interface.	2006;4:331-340.
	37.	 Brooksbank	 BWL,	 Brown	 B,	 Gustafsson	 JA.	 The	 detection	 of	 5-	a
lpha-	androst-	16-	en-	3-	alpha-	ol	 in	 human	 male	 axillary	 sweat.	 J A 
Experientia.	1974;30:864-865.
     |  17TSUSHIMA eT Al.
	38.	 Bird	S,	Gower	DB.	The	validation	and	use	of	radioimmunossay	for	5	
alpha-	androste-	16-	en-	3-	one	 in	 human	 axillary	 collections.	 J Steroid 
Biochem.	1981;14:213-219.
	39.	 Leyden	JJ,	McGinley	KJ,	Hoelzle	E,	Labows	JN,	Kligman	AM.	The	mi-
crobiology	of	 the	 human	 axillae	 and	 its	 relation	 to	 axillary	 odors.	 J 
Invest Dermatol.	1981;77:413-416.
	40.	 Natsch	A,	Gfeller	H,	Gygax	P,	Schmid	J.	Isolation	of	a	bacterial	enzyme	
releasing	axillary	malodor	and	its	use	as	a	screening	target	for	novel	
deodorant	formulations.	Int J Cosmet Sci.	2005;27:115-122.
	41.	 Barzantny	H,	Brune	I,	Tauch	A.	Molecular	basis	of	human	body	odour	
formation:	insights	deduced	from	corynebacterial	genome	sequences.	
Int J Cosmet Sci.	2012;34:2-11.
	42.	 Barzantny	H,	SchrÖder	J,	Strotmeier	J,	Fredrich	E,	Brune	I,	Tauch	A.	
The	 transcriptional	 regulatory	 network	 of	Corynebacterium jeikeium 
K411	and	its	interaction	with	metabolic	routes	contributing	to	human	
body	odor	formation.	J Biotechnol.	2012;159:235-248.
	43.	 Grice	 EA,	 Segre	 JA.	 The	 skin	 microbiome.	 Nat Rev Microbiol. 
2011;9:244-253.
	44.	 Zeng	XN,	Leyden	JJ,	Spielman	AI,	Preti	G.	Analysis	of	characteristic	
human	female	axillary	odors:qualitative	comparison	to	males.	J Chem 
Ecol.	1996;22:237-257.
	45.	 Natsch	A,	Derrer	S,	Flachsmann	F,	Schmidt	J.	A	broad	diversity	of	vol-
atile	carboxylic	acids,	released	by	a	bacterial	aminoacylase	from	axilla	
secretions,	as	candidate	molecules	for	the	determination	of	human-	
body	odor	type.	Chem Biodivers.	2006;3:1-20.
	46.	 Wilson	M.	Microbial Inhabitants of Humans. Their Ecology and Role in 
Health and Disease.	Cambridge,	UK:	Cambridge	University	Press;	2005.
	47.	 Inaba	M,	 Inaba	Y.	Human Body Odor: Etiology, Treatment and Related 
Factors.	Japan:	Springer;	1992.
	48.	 Labows	 JN.	 Human	 odors-	what	 can	 they	 tell	 us?	 Perfum Flavorist. 
1979;4:12-17.
	49.	 Prada	PA,	Furton	KG.	Human	scent	detection:	a	review	of	its	develop-
ments	and	forensic	applications.	Rev Cienc Foren.	2008;1:81-87.
	50.	 Curran	AM,	Prada	PA,	Furton	KG.	Canine	human	scent	identifications	
with	post-	blast	debris	 collected	 from	 improvised	explosive	devices.	
Forensic Sci Int.	2010;199:103-108.
	51.	 Bernier	UR,	Booth	MM,	Yost	RA.	Analysis	of	human	skin	emanations	
by	gas	chromatography/mass	spectrometry.	1.	Thermal	desorption	of	
attractants	for	the	yellow	fever	mosquito	(Aedes aegypti)	from	handled	
glass	beads.	Anal Chem.	1999;71:1-7.
	52.	 Bernier	UR,	Kline	DL,	Barnard	DR,	Schreck	CE,	Yost	RA.	Analysis	of	
human	 skin	 emanations	 by	 gas	 chromatography/mass	 spectrome-
try.	 2.	 Identification	 of	 volatile	 compounds	 that	 are	 candidate	 at-
tractants	 for	 the	yellow	 fever	mosquito	 (Aedes aegypti).	Anal Chem. 
2000;72:747-756.
	53.	 DeGreef	 LE,	 Furton	KG.	Collection	 and	 identification	 of	 human	 re-
mains	 volatiles	 by	 non-	contact,	 dynamic	 airflow	 sampling	 and	
SPME-	GC-	MS	 using	 various	 sorbent	 materials.	 Anal Bioanal Chem. 
2011;401:1295-1307.
	54.	 Ostrovskaya	A,	Landa	PA,	Sokolinsky	M,	Rosalia	AD,	Maes	D.	Study	
and	identification	of	volatile	compounds	from	human	skin.	J Cosmet 
Sci.	2001;53:147-148.
	55.	 Syed	 Z,	 Leal	 WS.	 Acute	 olfactory	 response	 of	 Culex	 mosquitoes	
to	 a	 human-	 and	 bird-	derived	 attractant.	 Proc Natl Acad Sci USA. 
2009;106:18803-18808.
	56.	 Curran	AM,	Prada	PA,	Furton	KG.	The	differentiation	of	the	volatile	
organic	signatures	of	individuals	through	SPME-	GC/MS	of	character-
istic	human	scent	compounds.	J Forensic Sci.	2010;55:50-57.
	57.	 Prada	PA,	Curran	AM,	Furton	KG.	The	evaluation	of	human	hand	odor	
volatiles	on	various	textiles:	a	comparison	between	contact	and	non-
contact	sampling	methods.	J Forensic Sci.	2011;56:866-881.
	58.	 Zhang	ZM,	Cai	JJ,	Ruan	GH,	Li	GK.	The	study	of	fingerprint	character-
istics	of	the	emanations	from	human	arm	skin	using	original	sampling	
system	by	SPME-	GC/MS.	J Chromatogr B.	2005;822:244-252.
	59.	 Kusano	M,	Mendez	E,	Furton	KG.	Comparison	of	the	volatile	organic	
compounds	 from	different	biological	 specimens	 for	profiling	poten-
tial.	J Forensic Sci.	2012;58:29-39.
	60.	 Ara	K,	Hama	M,	Akiba	S,	et	al.	Foot	odor	due	to	microbial	metabolism	
and	its	control.	Can J Microbiol.	2006;52:357-364.
	61.	 Levitt	MD,	Engel	RR.	Intestinal	gas.	Adv Intern Med.	1975;20:151-165.
	62.	 Kirk	 E.	 The	 quantity	 and	 composition	 of	 human	 colonic	 flatus.	
Gastroenterology.	1949;12:782-794.
	63.	 Noble	 WC,	 Somerville	 DA.	 Microbiology of Human Skin. London: 
Saunders	&	Co.;	1981.
	64.	 Garner	CE,	 Smith	 S,	 de	 Lacy	CB,	 et	 al.	Volatile	 organic	 compounds	
from	 feces	 and	 their	 potential	 for	 diagnosis	 of	 gastrointestinal	 dis-
ease.	FASEB J.	2007;21:1675-1688.
	65.	 Weschler	 CJ,	 Wisthaler	 A,	 Cowlin	 S,	 et	 al.	 Ozone-	initiated	 chem-
istry	 in	 an	 occupied	 simulated	 aircraft	 cabin.	 Environ Sci Technol. 
2007;41:6177-6184.
	66.	 Wisthaler	A,	Weschler	CJ.	Reactions	of	ozone	with	human	skin	lipids:	
sources	of	carbonyls,	dicarbonyls,	and	hydroxycarbonylsin	indoor	air.	
Proc Natl Acad Sci USA.	2010;107:6568-6575.
	67.	 Yang	 S,	Gao	K,	Yang	X.	Volatile	 organic	 compounds	 (VOCs)	 forma-
tion	 due	 to	 interactions	 between	 ozone	 and	 skin-	oiled	 clothing:	
measurements	by	extractionanalysis-	reaction	method.	Build Environ. 
2016;103:146-154.
	68.	 Schwarz	K,	Filipiak	W,	Amann	A.	Determining	concentration	patterns	
of	 volatile	 compounds	 in	 exhaled	 breath	 by	 PTR-	MS.	 J Breath Res. 
2009;3:027002.
	69.	 Dumyahn	TS,	Spengler	JD,	Burge	HA,	Muilenburg	M.	Comparison	of	
the	environments	of	 transporation	vehicles:	 results	of	 two	 surveys.	
In:	Nagda	NL,	ed.	Air Quality and Comfort in Airliner Cabins: ASTM STP 
1393.	 West	 Conshohocken,	 PA:	 American	 Society	 for	 Testing	 and	
Materials;	2000:3-23.
	70.	 Albrechtsen	O.	Twin	climatic	chambers	to	study	sick	and	healthy	build-
ings.	In:	Berglund	B,	Lindvall	T,	eds.	Proceedings of Healthy Buildings ‘88,	
Vol.	3.	Stockholm:	Swedish	Council	for	Building	Research;	1099:25-30.
	71.	 Knudsen	 HN,	Valbjørn	 O,	 Nielsen	 PA.	 Determination	 of	 exposure-	
response	 relationships	 for	 emissions	 from	building	products.	 Indoor 
Air.	1998;8:264-275.
	72.	 Fang	L,	Clausen	G,	Fanger	PO.	Impact	of	temperature	and	humidity	on	
perception	of	indoor	air	quality	during	immediate	and	longer	whole-	
body	exposures.	Indoor Air.	1998;8:276-284.
	73.	 Fang	L,	Clausen	G,	Fanger	PO.	Impact	of	temperature	and	humidity	on	
the	perception	of	indoor	air	quality.	Indoor Air.	1998;8:80-90.
	74.	 AgBB	(Committee	for	Health-Related	Evaluation	of	Building	Products).	
Health-Related Evaluation Procedure for Volatile Organic Compounds 
Emissions (VOC and SVOC) from Building Products,	Umweltbundesamt,	
Berlin 2010.
	75.	 Nagata	 Y.	 Measurement	 of	 odor	 threshold	 by	 triangle	 odor	 bag	
method.	Odor Measure Rev.	2003;118:127.
	76.	 Devos	M,	Patte	F,	Rouault	J,	Laffort	P,	Van	Gemert	LJ.	Standardized 
Human Olfactory Thresholds.	Oxford:	IRL	Press;	1990.
	77.	 Tsushima	S,	Bekö	G,	Bossi	R,	Tanabe	S,	Wargocki	P.	Measurements	of	
Dermal	and	Oral	Emissions	 from	Humans,	 In:Proceedings	of	 Indoor	
Air	2016,	July,	Ghent,	ISIAQ	2015:150.
	78.	 Yasuda	T,	Urushibata	O.	Biyou	no	hifukagaku,	Nanzando.	1965.	[pub-
lished	in	Japanese]
	79.	 Lakey	PSL,	Wisthaler	A,	Berkemeier	T,	Mikoviny	T,	Pöschl	U,	Shiraiwa	
M.	 Chemical	 kinetics	 of	 multiphase	 reactions	 between	 ozone	 and	
human	 skin	 lipids:	 implications	 for	 indoor	 air	 quality	 and	health	 ef-
fects.	Indoor Air.	2017;27:816-828.
	80.	 Schade	 H,	 Marchionini	 A.	 Der	 Säuremantel	 der	 Haut	 nach	
Gaskettenmessngen.	Klin Wochenschr.	1928;7:12-14.
	81.	 Hachem	JP,	Crumrine	D,	Fluhr	J,	Brown	BE,	Feingold	KR,	Elias	PM.	pH	
directly	regulates	epidermal	permeability	barrier	homeostasis,	and	stra-
tum	corneum	integrity/cohesion.	J Invest Dermatol.	2003;121:345-353.
18  |     TSUSHIMA eT Al.
	82.	 Nicolaides	 N.	 Skin	 lipid:	 their	 biochemical	 uniqueness.	 Science. 
1974;186:19-26.
	83.	 Indoor	Environmental	Quality	2014	Green	building	council	Australia	
HP,	 (https://www.gbca.org.au/green-star/green-star-design-as-built/
indoor-environment-quality5/35475.htm).	 Accessed	 December	 2,	
2016.
	84.	 Luo	M,	Zhouc	X,	Zhua	Y,	Sundell	J.	Revisiting	an	overlooked	param-
eter	 in	 thermal	 comfort	 studies,	 the	 metabolic	 rate.	 Energy Build. 
2016;118:152-159.
	85.	 Kerka	 WF,	 Humphreys	 CM.	 Temperature	 and	 humidity	 effect	 on	
odour	perception.	ASHRAE Trans.	1956;62:531-552.
	86.	 Woods	JE.	Ventilation,	health	and	energy	consumption:	a	status	re-
port.	ASHRAE J.	1979;21:23-27.
	87.	 Berglund	L,	Cain	WS.	Perceived	air	quality	and	the	thermal	environ-
ment.	In:	Proceedings	of	IAQ	‘89:	The	Human	Equation:	Health	and	
Comfort,	San	Diego,	1989:93–99.
	88.	 Fang	L,	Clausen	G,	Fanger	PO.	 Impact	of	temperature	and	humidity	
on	chemical	and	sensory	emissions	from	building	materials.	Indoor Air. 
1999;9:193-201.
	89.	 Barber	 CE.	 Olfactory	 acuity	 as	 a	 function	 of	 age	 and	 gender:	 a	
comparison	of	African	 and	American	 samples.	 Int J Aging Hum Dev. 
1997;44:317-334.
	90.	 Mitro	S,	Gordon	AR,	Olsson	MJ,	Lundström	JN.	The	smell	of	age:	per-
ception	and	discrimination	of	body	odors	of	different	ages.	PLoS ONE. 
2012;7:e38110.
SUPPORTING INFORMATION
Additional	 Supporting	 Information	 may	 be	 found	 online	 in	 the	
	supporting	information	tab	for	this	article.	
How to cite this article:	Tsushima	S,	Wargocki	P,	Tanabe	S.	
Sensory	evaluation	and	chemical	analysis	of	exhaled	and	
dermally	emitted	bioeffluents.	Indoor Air. 2017;00:1–18. 
https://doi.org/10.1111/ina.12424
